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ABSTRACT
The well-conserved semaphorin family of guidance molecules is known to play
multiple complex roles in directing the growth and orientation of dendrites and axons
within the developing invertebrate central and peripheral nervous system. Additionally, the
expression of select semaphorins is maintained within some highly plastic areas of the adult
central nervous system, such as the mushroom bodies, where they are associated with
guidance of newly-born neurons as well as with synapse formation and modification.
Within the cricket species Gryllus bimaculatus, deafferentation of the prothoracic ganglia
and subsequent dendritic rearrangement of the auditory interneurons is associated with
fluctuations in the expression of transmembrane Sema1a and diffusible Sema2a. Here, we
characterize the expression of two different variants of Gryllus Sema1a, termed Horch
Sema1a and Extavour Sema1a, in tissues associated with both developmental neuronal
guidance and adult structural plasticity: the embryonic limb buds, the mushroom bodies of
the brain, and the non-deafferented adult prothoracic ganglion. Although we were unable to
visualize the expression of Extavour Sema1a in any tissue, we demonstrate via
phylogenetic analysis that both Sema1a variants have homologs in species across the
Insecta class, suggesting that Extavour SEMA1a is a conserved protein sequence. We
observe no expression of Horch Sema1a in the embryonic limb bud, and suspect that
Extavour Sema1a, which has a high pairwise identity with Schistocerca Sema1a, could be
facilitating guidance of the tibial pioneer neuron growth in the limb bud, along with
Sema2a. In the adult brain, we observe a colocalization of Horch Sema1a and Sema2a in
the mushroom bodies and in a vertical stripe across the calyx, which may be indicative of
interactions between Horch SEMA1a and SEMA2a in maintaining synaptic plasticity and
guiding newly-born Kenyon cells. We also report a colocalization of Horch Sema1a and
Sema2a in the anterior and posterior of the prothoracic ganglia on the ventral side, in the
region of auditory interneuron cell bodies, suggesting the possibility that auditory
interneurons may express both Horch Sema1a and Sema2a, which could interact with each
other or with Plexin receptors to regulate dendrite morphology at the midline.
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INTRODUCTION
Plasticity in the nervous system
Neural plasticity, the means by which the nervous system alters its structure and
function in response to environmental influences, has long been a subject of interest within
the field of neuroscience. The plasticity of the central nervous system (CNS) has merited
particular attention due to complexity and significance of the functions it mediates. From as
early as Cajal’s theories of the dynamic influence of the environment on brain development
and function (DeFelipe, 2006), scientists have sought to understand and manipulate the
mechanisms of CNS plasticity. During embryonic development, in the CNS as well as the
peripheral nervous system (PNS), expression of guidance molecules directs the phases of
process outgrowth, growth cone navigation, and target innervation in order to establish the
early nervous system. Following the establishment of this early neural structure, processes
including dendritic elaboration, synaptogenesis, remodeling of synaptic connectivity, and
cell death refine the network into its mature form (Pasterkamp and Giger, 2009). Even into
adulthood, many neurons retain some degree of structural plasticity, with an especially
important example being the dendritic spines within the cortex, which aid in remodeling
synapses in order to induce long-term potentiation (Yuste and Bonhoeffer, 2001).
Although dendritic plasticity is of central importance for long-term potentiation in
the mammalian cortex, where the modulation of synapses to reflect the creation of new
memories and learning requires dendritic spines to subtly change shape, other forms of
anatomical dendritic plasticity outside the critical period are typically displayed only
following more unusual circumstances, including long-term alterations in environment,
sensorimotor training, exposure to drugs, and neuronal injury. Social and perceptual
enrichment of adult rats’ environment increases the complexity of dendritic arbors in the
cortex (Kolb and Whishaw, 1998), as does training to perform a visually guided maze task
(Chang and Greenough, 1982). Increased sensorimotor use following injury also promotes
dendritic sprouting, so that unilateral lesions in the rat sensorimotor cortex prompt
significant increases in dendritic branching on the contralateral side through increased use
of the undamaged limb (Jones and Schallert, 1992). In addition to lesion, sensory organ loss
results in the reorganization of topographic maps in the brain, including the “barrel cortex”
map of vibrissae innervation (Steffen and Van der Loos, 1980). Stimulant drugs increase
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dendritic branching in the prefrontal cortex to the point of saturation, after which additional
motor learning is impaired (Gonzalez et al. 2005; reviewed in Hickmott and Ethell, 2006).
This physical rearrangement of neuronal circuitry is termed anatomical plasticity,
and is achieved through modification of the actin cytoskeleton (Hickmott and Ethell, 2006).
This modulation of actin dynamics has been correlated with the differential expression of
guidance molecules, as well as alterations in synaptic activity, which impacts the release of
various factors, such as BDNF and ephrin, from the presynaptic terminal (Pasterkamp and
Giger, 2009; Hickmott and Ethell, 2006). Widespread during development, the expression
of guidance molecules declines in adulthood and takes on altered patterns of distribution,
becoming restricted to areas of high plasticity and influencing the maintenance of
established connections and the prevention of aberrant axonal sprouting (Harel and
Strittmatter, 2006; de Wit and Verhaagen, 2003). There are also differences in the receptors
for guidance factors expressed on mature neurons as compared to developing neurons,
which may explain changes in their valence as attractants or repellants from a
developmental to an adult context (Shewan et al. 1995).
Semaphorins
One such group of guidance factors that can direct the growth and orientation of
both axons and dendrites is the semaphorin family. Although semaphorins were initially
identified only as axon-guiding molecules, they have now been recognized to have a
multitude of functions, including roles in cell adhesion and motility, dendritic guidance and
morphology, formation of synapses, and axon pruning (reviewed in Kumanogoh, 2015).
Conserved in both vertebrates and invertebrates and divided into eight different subfamilies,
semaphorins exist as secreted (SEMA2 and 3), transmembrane (SEMA1, 4, 5, and 6), and
GPI-anchored (SEMA7) proteins; only SEMA1a and b, SEMA2a and b, and SEMA5c are
found in invertebrates (reviewed in Pasterkamp and Giger, 2009). The invertebrate
transmembrane protein SEMA1a contains the conserved SEMA domain in its extracellular
portion, whereas the secreted SEMA2a consists of the SEMA domain attached to an
immunoglobulin domain (Isbister et al. 1999). Structural similarities suggest that SEMA3a
and SEMA6 may serve as useful points of comparison in vertebrate models to SEMA2a and
SEMA1a respectively. Semaphorins are generally considered to have two principle
receptors: plexins, which are the specific semaphorin receptors, as well as plexins’ co-
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receptor, neuropilins. In addition to classical “forward” signaling, with plexins acting as the
receptor, SEMA1a and PlexinA can also interact via “reverse” signaling, wherein SEMA1a
acts as the receptor for PlexinA and initiates a cascade of downstream signaling (L. Yu et
al. 2010). In the case of forward signaling, plexin mediates intracellular semaphorin
signaling through a GTPase-activating domain in the cytoplasmic region, and has also been
found to interact with GTPase activating proteins (GAPs) and guanine nucleotide exchange
factors (GEFs) for Rho through a RhoGTPase binding domain (Pascoe et al. 2015). Of the
semaphorins, SEMA3a is among the most extensively studied, and signals through a
complex that contains neuropilins as the ligand-binding element and plexins as the signaltransducing element (Raper, 2000).
Semaphorins in development
In order to understand the role of semaphorins in the mediation of adult plasticity in
the invertebrate central nervous system, it is useful to explore the developmental function of
semaphorins. This developmental perspective provides insight into the way in which
semaphorins typically function in the undamaged nervous system, as guidance factors and
promoters of synapse formation (Kumanogoh 2015). Variations on these developmental
functions may then be recapitulated in semaphorins’ response to neuronal injury (De Winter
et al. 2002). One of the roles of SEMA1a during development has been as a regulator of
signaling between axons, often interacting with a PlexinA receptor on an adjacent axon in
order to facilitate repulsion. For example, in the olfactory system of Drosophila
melanogaster, each class of the afferent olfactory receptor neuron (ORN) targets its axon to
a single glomerulus in the antennal lobe. During this ORN targeting, SEMA1a mediates
axon-axon repulsion through the PlexinA receptor; early-arriving ORNs, which begin the
process of patterning the antennal lobe, express SEMA1a, while late-arriving ORNs express
PlexinA. The late-arriving ORN axons are repelled by the SEMA1a on the early-arriving
axons and are restricted to targeting certain regions of the antennal lobe (Sweeney et al.
2007).
In a similar case of SEMA1a aiding in inter-axon signaling in order to form
topographic CNS maps during development, SEMA1a acts as a receptor within the axons of
adult Drosophila photoreceptor (R) cells, where it is required for the establishment of the
correct topographic pattern in the optic lobe (Cafferty et al. 2006). There has been evidence
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that such SEMA1a signaling acts between neighboring R cell axons, rather than between
the axons and their targets, in order to regulate orderly termination on the optic lobe. This
signaling within the R-cells occurs downstream of reverse PlexinA ligand/SEMA1a
receptor binding, possibly through the downregulation of the GTPase Rho1, which may
prevent Rho1 from inhibiting cell adhesion molecules and promote attractive interaction
between axons (L. Yu et al. 2010). This is in contrast to the forward SEMA1a
ligand/PlexinA receptor signaling present during motor axon guidance, wherein PlexinA
forms a complex with the receptor tyrosine kinase Otk to regulate the flavoprotein MICAL
and the kinase-anchoring protein Nervy, which in turn activates cAMP-PKA signaling to
promote SEMA1a-mediated axon repulsion (reviewed in L. Yu et al. 2010; Terman and
Kolodkin, 2004). Such repulsive inter-axon forward signaling between SEMA1a and
PlexinA is balanced by attractive inter-axon signaling between Fasciclin II and Connectin,
and an imbalance in either direction results in defasciculation or hyperfasciculation,
respectively (Yu et al. 2000). Thus we see that SEMA1a can interact bidirectionally with
PlexinA, so that forward, PlexinA-receptor signaling mediates inter-axon repulsion,
whereas reverse, SEMA1a-receptor signaling mediates inter-axon adhesion.
In addition to acting as a receptor for PlexinA, SEMA1a has also been shown to act
as a receptor for SEMA2a during development. Prior to the arrival of the aforementioned
ORN axons at specific glomeruli in the antennal lobe, the dendrites from each class of
projection neuron (PN) within the Drosophila antennal lobe extend to one glomerulus. A
gradient of SEMA1a directs this dendritic targeting, so that PNs with higher SEMA1a
expression project to the dorsolateral antennal lobe, while PNs with lower SEMA1a
expression target the ventromedial area (Komiyama et al. 2007); expression of the leucinerich repeat transmembrane protein Capricious (Cap) in a subset of PN neurons aids in
further segregating PN dendrites into distinct Caps+/Caps- glomeruli (Hong et al. 2009).
SEMA2a and SEMA2b are expressed in a gradient opposite that of the highdorsolateral/low-ventromedial SEMA1a gradient, and the results of SEMA2a/2b
knockdown suggest a repulsive interaction between SEMA1a and SEMA2a/2b, though this
binding may require a cofactor. The secreted SEMA2 proteins are likely released from
degenerating larval ORNs, to guide the dendrite targeting via SEMA1a of mature PNs
before the arrival of mature ORNs (Sweeney et al. 2011). This provides further evidence for
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the role of SEMA1a as a repulsive guidance factor during development, via signaling with
SEMA2a, and also indicates that SEMA1a signaling is implicated in dendritic guidance in
some contexts.
Although SEMA2a and SEMA1a may act in a ligand-receptor manner in
developmental contexts within the central nervous system, they have each also been shown
to independently bind as ligands to Plexin receptors in order to influence PNS development.
Early in development, a repulsive SEMA2a gradient in the limb bud is required for the
initial stages of sensory axon outgrowth, after which SEMA2a is instrumental in directing
pathfinding, maintaining fasciculation, and ensuring continual extension towards the central
nervous system. This SEMA2a gradient ends at the trochanter, where a band of SEMA1a is
expressed, which causes the pioneer sensory neuron to make a sharp turn parallel to the
SEMA1a band until reaching the Cx1 guidepost cell, after which the pioneer neuron
reorients again to grow towards the central nervous system. There is evidence that
disruption of SEMA2a in the limb bud at about 33% development will cause the pioneer
axons to separate, or defasciculate, and grow in a variety of incorrect directions, possibly
including growth directed towards the tip of the limb or growth in a circle. The disruption
of SEMA1a, in contrast, is predicted to cause branching, rather than defasciculation, of the
axon projection once it has entered the coxa (Isbister et al. 1999). Following simultaneous
perturbation of both semaphorins, a hybrid version of the two characteristic malformations
is observed, suggesting that SEMA2a and SEMA1a each provide discrete guidance
information to the pioneer neuron, which it continuously integrates and compares.
This distinction between the function of SEMA1a and SEMA2a is complemented
by the physical segregation in the location of expression of these two proteins slightly later
in development. By 38% embryonic development in the grasshopper, distinct
circumferential bands of diffusible SEMA2a protein have developed in the distal tip, tibia,
and femur, with complementary and non-overlapping bands of SEMA1a protein at the
tarsus, proximal tibia, and trochanter (Fig. 1E, Isbister et al. 1999). This pattern of
expression was confirmed in the cricket by Maynard et al. (2007), wherein SEMA2a is
primarily expressed in the distal portion of the limb bud at stage 7, but develops into the
circumferential banding pattern by stages 8 and 9. We expect the results of Sema1a in situ
hybridization in the cricket embryo to show these bands of complementary expression,
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which would suggest that SEMA1a is acting independently of SEMA2a in guiding the tibial
pioneer neuron; forthcoming RNA inhibition experiments will verify the function of
SEMA1a in this developmental context. Given that the expression pattern in the embryonic
limb buds is so well-characterized, Sema2a embryonic in situ experiments are used as
assays to confirm the efficacy of the in situ hybridization protocol.

Figure 1. Adapted from Isbister et al. (1999). Immunohistochemical
double-labeling of SEMA2a (green) and SEMA1a (red) in the limb bud
of a grasshopper embryo at 32% (1C), 35% (1D), and 38% (1E)
development. Arrowheads demarcate limb segment boundaries: Ta,
tarsus; Ti, tibia; Fe, femur; Tr, trochanter. At 38% development (1E),
bands of expression are discrete, suggesting the independent signaling of
SEMA2a and SEMA1a on the growth cone, rather than the use of
SEMA2a as a ligand for SEMA1a.
Semaphorin in the adult CNS
An important system in which semaphorin function has been previously
investigated, and which will be used as a possible model for semaphorin-mediated central
nervous system plasticity, is the mushroom bodies of the brain. Sema2a mRNA has been
found in the mushroom bodies in the brains of adult crickets, with the highest level of
expression in newly-born Kenyon cells, though there is also expression in the calyces and
pendunculus of the mushroom bodies (Maynard et al. 2007). The mushroom bodies have
been implicated in olfactory learning (de Belle and Heisenberg, 1994), long-term memory
formation (Pascual and Préat, 2001), and short-term memory retrieval (Dubnau et al. 2001).
!
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Neurogenesis-mediated plasticity is central to these learning and memory functions:
specific ablation of young neuroblasts in cricket mushroom bodies results in delayed
learning and reduced memory retention (Cayre et al. 2007). The localization of SEMA2a in
these particular areas may be due to the role of SEMA2a in synapse modification, axon
guidance, and structural plasticity, implicating SEMA2a in adult CNS plasticity (Maynard
et al. 2007). In early embryonic stages of the locust Locusta migratoria, SEMA1a is
expressed throughout the olfactory pathway in the brain, but in later stages it is limited to
Class III cells, the youngest of the Kenyon cells in the mushroom bodies. Additionally, at
these later stages SEMA1a protein was differentially sorted to Kenyon cell axons, and was
absent from the dendrites (Eickhoff and Bicker, 2012). This localization provides evidence
for the role of SEMA1a in axon guidance, rather than dendrite patterning, in the developing
mushroom bodies.
This axon-focused role of SEMA1a seems to shift in the adult context to a possible
ligand-receptor relationship with SEMA2a, which was observed previously in dendrites. In
the adult mushroom bodies, preliminary results indicated the expression of Sema1a around
the apex of the mushroom bodies. The staining pattern that is produced by the presence of
this Sema1a mRNA is slightly more diffuse than the Sema2a stain in the same region. It is
possible that Sema1a mRNA expression may be segregated into two concentric bands
around the mushroom bodies (Low, 2013). If SEMA2a and SEMA1a are indeed colocalized
in the mushroom bodies, it suggests a possible SEMA2a-ligand/SEMA1a-receptor
relationship, similar to the semaphorin signaling during the patterning of the olfactory bulb
which was observed by Sweeney et al. (2011). This is in contrast to the integration of
spatially discrete SEMA1a and SEMA2a signaling by a growing limb bud axon to regulate
pathfinding and fasciculation (Isbister et al. 1999). These differences may further suggest
ways in which semaphorin-mediated neuronal guidance differs in mature versus developing
neurons, possibly reflecting subtle differences in semaphorin-mediated adult plasticity and
developmental guidance. In order to definitively isolate adult versus embryonic differences
in SEMA1a expression, however, it will be important to characterize SEMA1a expression
in both the larval and adult mushroom bodies in G. bimaculatus. These data within the
Gryllus genus do not yet exist, and the details of SEMA1a expression in the mushroom
bodies of larval G. bimaculatus is likely to differ from previous findings in the same area in
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Drosophila (Godenschwege et al. 2002).
In addition to roles related to maintaining a constant level of plasticity in memoryfocused areas in the adult central nervous system, semaphorins are also differentially
regulated following injury to other portions of the adult CNS. There is emerging evidence
that the level of semaphorin expression following injury is a major determinant of whether
axonal regeneration will fail or succeed. Especially important in this context is the
vertebrate semaphorin SEMA3, which, following spinal cord injury, is expressed by the
meningeal fibroblasts, which make up the neural scar that may block axon regeneration
(Pasterkamp and Verhaagen, 2001). The axons of the severed optic nerve in goldfish can
fully regenerate, possibly due to a robust immune response, but are inhibited from doing so
following an intravitreal injection of exogenous SEMA3a (Rosenzweig et al. 2010).
However, overexpression of SEMA6a in the cortex of rats following a cortical infarct
significantly improved their recovery, indicating possible promotion of compensatory
regrowth (Rogalewski et al. 2010). It seems to be the case in other systems that the
regulation of semaphorins following CNS injury often has the effect of inhibiting regrowth
and regeneration, which makes the G. bimaculatus model system, wherein semaphorins
may be regulated to permit plasticity, all the more unusual.
Our model system of interest is the cricket Gryllus bimaculatus, which exhibits a
highly unusual response to nerve injury in the auditory system, and provides a model of
central nervous system plasticity and dendrite reorganization in an adult animal. In G.
bimaculatus and other animals of the Gryllidae family, the prothoracic ganglion can be
unilaterally deafferented by the removal of the auditory organ within the foreleg, leading to
the degeneration of auditory sensory neurons. The auditory organ consists of scolopidia that
transduce the sound-induced vibrations of the tympanal membrane into electrical impulses.
These signals travel up the sensory afferent axons of the foreleg, and form specific synapses
with six different types of auditory interneurons within the prothoracic ganglia (Wohlers
and Huber 1985). This study will focus on two such auditory interneurons: AN-1, which
receive the impulses transduced from lower-frequency cricket chips, and AN-2, which
receive impulses transduced from higher-frequency bat ultrasound. Following removal of
the foreleg, the sensory axons degenerate; however, within three days, the dendrites of the
deafferented AN-1 and AN-2 neurons sprout across the midline of the ganglion and
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establish new, functional synapses with the contralateral auditory axons. These synapses
successfully preserve the frequency-specific responses to auditory input which had been
characteristic of the previous connections (Hoy et al. 1985; Schildberger et al. 1986).
Semaphorin proteins have been implicated in the response to deafferentation in the
cricket: quantitative PCR analysis found that Sema1a and Sema2a are differentially
regulated in the prothoracic ganglion following deafferentation surgery. Eighteen hours
after the deafferentation surgery, Sema1a expression is significantly downregulated
(Chong, 2015), while levels of Sema2a mRNA stay constant. By five days postdeafferentation, Sema1a mRNA levels have risen again, although not to pre-deafferentation
levels, while Sema2a expression has significantly dropped compared to an age-matched
control (Saidenberg, 2015). This differential regulation of semaphorins may be related to
the guidance of dendrites across the ganglia midline, although the timing of this growth,
and thus possibly the dynamic regulation of semaphorins, is sexually dimorphic. Females
display rapid dendritic growth across the midline, which diminishes three days after
deafferentation, while dendrites in male crickets extend more slowly, but continue growing
until they are nearly double the length of dendrites in females by twenty days post-surgery
(Pfister et al. 2013). In the continuing exploration of the molecular mechanisms underlying
adult central nervous system plasticity, SEMA1a and SEMA2a have emerged as the central
focus for our current investigations. We hope to investigate their role in endogenously
promoting plasticity by comparing Sema1a expression across areas of apparent plasticity
within G. bimaculatus system. Additionally, understanding differences in expression
between Sema1a and Sema2a in high-plasticity areas will be critical in determining
distinctions in their functions.
Predicted models
We here characterize Sema1a expression in the nervous systems of G. bimaculatus
adults and embryos through in situ hybridization, using stage 7.5 to 8 embryos, as well as
non-deafferented prothoracic, mesothoracic, and metathoracic ganglia, and adult brains. In
the future, we intend to compare the pattern of Sema1a expression in control prothoracic
ganglia to the pattern seen in the prothoracic ganglia following deafferentation, in order to
look for changes that are correlated with dendritic rearrangement. This is because we are
interested in possible implications of the differential expression of Sema1a on injury-
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induced plasticity, and the way the localization of that expression may suggest locationspecific functions of SEMA1a during dendritic rearrangement. In this initial examination of
Sema1a expression within areas of high plasticity, we include investigations of Sema2a
expression to serve as a point of comparison to Sema1a expression; since the protein
products of both transcripts can serve similar guidance-related purposes, differences in
expression pattern between the two might be instructive as to potential functional
differences. Additionally, since Sema2a expression in G. bimaculatus embryos, mushroom
bodies, and non-deafferented prothoracic ganglia has already been well-characterized
(Maynard et al. 2007; Low 2013), the patterns of Sema2a expression we observe aid in
confirming that the in situ protocol was successful. Thus we first investigate the pattern of
Sema1a and Sema2a expression in embryonic limb buds, in order to establish whether the
patterns of interaction between Sema1a, Sema2a, and the tibial pioneer neuron described by
Isbister et al. (1999) are applicable to the cricket context. We then take steps towards
characterizing the role of SEMA1a in the G. bimaculatus system by assessing Sema1a
expression in an area where adult CNS plasticity has already been investigated and
described in G. bimacultus and similar invertebrate models, namely the mushroom bodies.
Examining Sema1a expression in the mushroom bodies of the brain allows us to
evaluate the particular characteristics of Sema1a expression in an area of continual CNS
plasticity. The expression of Sema2a in adult G. bimaculatus mushroom bodies is already
well-established (Maynard et al. 2007), making it feasible to evaluate the ways in which
Sema1a and Sema2a expression patterns in the mushroom bodies interact and overlap. A
more thorough understanding of Sema1a and Sema2a interaction in an area of constant
plasticity can then inform our hypotheses about how the expression of Sema1a and Sema2a
in the prothoracic ganglion may shift after deafferentation. The fluctuations in Sema1a and
Sema2a expression in the prothoracic ganglia following deafferentation may promote
plasticity by giving rise to a pattern of semaphorin expression in the prothoracic ganglia
that resembles the pattern of semaphorin expression in the highly plastic mushroom bodies.
We can then draw comparisons from Sema1a expression in the mushroom bodies to
Sema1a expression in an area of conditional CNS plasticity: the prothoracic ganglion. Here,
we compare the patterns of Sema1a expression in the prothoracic ganglion to Sema1a
expression in the mushroom bodies before the induction of plasticity – before the

!

15

deafferentation of the prothoracic ganglia. In the future, we intend to make comparisons
between Sema1a expression in the prothoracic ganglia and in the mushroom bodies after
the induction of plasticity in the prothoracic ganglia.
Additionally, the inclusion of the mesothoracic and metathoracic ganglia with each
prothoracic ganglion tissue sample will provide an opportunity to compare the Sema1a
expression in the undamaged prothoracic ganglia to Sema1a expression in ganglia that may
not contain the same potential for plasticity, due to their lesser engagement with the
auditory system. Along with sensory afferents from tympanal organs, the leg nerve of the
cricket tibia also contains sensory afferents from subgenual organs, which detect substrate
vibrations, from campaniform sensilla, and from tibial sensory hairs. With the exception of
the tympanum, which is unique to the tibia, the leg-bearing segments that house the
metathoracic and mesothoracic ganglia contain similar sensory fiber types and projections
from mechanosensory organs (Eibl 1978). There is a clear differentiation between sensory
afferents from the tympanal organ, which project to the center of the prothoracic ganglion
to form a crescent-like shape, and nontympanal elements which arborize outside the
crescent (Eibl and Huber 1979). It is thus possible that the continued presence of functional
tympanal afferents in the prothoracic ganglia necessitates greater plasticity in the
prothoracic than in the mesothoracic or metathoracic ganglia, and thus a different pattern of
Sema1a expression even before deafferentation. There have been no investigations into the
effect of deafferentation of the mesothoracic or metathoracic ganglia, but a comparison of
Sema1a expression across all three thoracic ganglia may help determine whether
prothoracic Sema1a expression prior to deafferentation is unique among other ganglia.
As discussed above, we predict that the in situ hybridizations in developing embryos
will show the formation of circumferential bands of Sema1a in the limb buds of later-stage
embryos that are complementary to the observed bands of Sema2a expression (Maynard et
al. 2007; Isbister et al. 1999). We also predict that Sema1a expression will be observed in
the mushroom bodies of the adult brain, localized in nearly the same area as Sema2a, but
with a slightly more diffuse stain (Low, 2013). Previous work in the Horch lab suggests that
Sema2a mRNA is expressed in a band across the anterior ventral side of the prothoracic
ganglia, and within discrete patches lateral to the anterior connectives on the dorsal side of
the prothoracic ganglia (Low, 2013). Following deafferentation, the level of Sema2a
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expression in these areas visually appears to increase at eighteen hours post-deafferentation,
decreasing back to control levels around thirty hours post-surgery, which appears
inconsistent with the qPCR results from Saidenberg (2015). This inconsistency may be due
to the in situ results showing a local upregulation of Sema2a levels at 18 hours that is not
registered in the entire ganglion, where levels of Sema2a appear to remain constant at 18
hours post-deafferentation. There is also the possibility that patterns of Sema2a mRNA
expression do not correlate with patterns of protein expression; there appears to be very
dense expression of Sema2a in what are likely the AN-1 and AN-2 cell bodies at eighteen
hours (Low, 2013), which could suggest a high concentration of mRNA in the cell body
that, rather than being dispersed for regional translation, is translated into protein
immediately and released at an entirely different location.
Given the repulsive interaction mediated by SEMA2A and SEMA1a signaling
(Sweeney et al. 2011) and by PlexinA and SEMA1a signaling (L. Yu et al. 2010; H. H. Yu
et al. 2000), I predict that if I were to perform immunohistochemical analysis, SEMA1a
protein would be found at the tips of the AN-1 and AN-2 dendrites approaching the midline
(Fig. 2A). Additionally, I predict that Sema1a mRNA will be found in the somas of AN-1
and AN-2 cells, where it will decrease immediately following deafferentation, increasing
again more quickly in females than in males. Since there is no Sema2a expression found
along the ganglion midline (Low, 2013), and thus SEMA1a/SEMA2a signaling at the
midline is unlikely, I predict that PlexinA will be expressed on the cells that lie at the
midline, and will mediate reverse, repulsive signaling through binding to the SEMA1a
receptor, which will inhibit dendrites from crossing the midline (L. Yu et al. 2010).
Although such reverse signaling was previously shown to mediate an attractive response
between axons, I predict a repulsive effect of such signaling between dendrites, which is
supported by previous findings that the same semaphorin molecule may have opposite
chemotactic effects on axons and on dendrites (Polleux et al. 2000).
The downregulation of Sema1a following deafferentation may then allow cell
adhesion molecules (CAMs), which balance the chemorepellants in order to keep dendrites
close to the midline (Yu et al. 2000), to promote dendritic crossing. The downregulation of
Sema1a within only the deafferented neuron, and not within the undamaged neuron, would
explain why midline crossing is permissible only from the deafferented side. The temporary
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absence of SEMA1a in the deafferented neuron would suspend repulsive SEMA1a-PlexinA
signaling, allowing dendrites lacking SEMA1a to cross the midline due to attractive
signaling being CAMs (Fig. 2B). This proposed chemotactic balance bears similarities to
the model of axon fasciculation described by Yu et al. (2000), wherein repulsive inter-axon
SEMA1a-PlexinA signaling balances attractive inter-axon FasII-Connectin signaling. The
injury-associated Sema1a downregulation in the cricket could be triggered by an injuryrelated circumstance such as loss of synaptic input (Hickmott and Ethell, 2006). The
subsequent upregulation of Sema1a five days post-deafferentation is consistent with
evidence that bidirectional (both postsynaptic and presynaptic) SEMA1a signaling is
required for inducing synapse formation, possibly through intracellular binding to Enabled
(Godenschwege et al. 2002). This study will only investigate patterns of expression of
Sema1a and Sema2a in uninjured areas of high plasticity in the developing and adult
contexts; as such, most aspects of this model will not be addressed. However, in examining
expression of Sema1a within the prothoracic ganglia, we can determine whether Sema1a is
strongly expressed in the region in which the AN-1 and AN-2 cell bodies are located, and
thus whether it is likely that AN-1 and AN-2 cells express SEMA1a.
A

B
A

Figure 2. The proposed model of molecular expression in the prothoracic ganglion;
(A) shows the ganglion prior to deafferentation, where the dendrites of AN-1
neurons (blue and green) each express SEMA1a (red) as well as cell adhesion
molecules (purple). The CAMs on AN-1 and AN-2 dendrites mediate an attractive
interaction with the CAMs expressed at the midline, while SEMA1a mediates a
repulsive interaction with PlexinA (orange) expressed at the midline. Following
deafferentation, shown in (B), the green AN-1 neuron exhibits a downregulation of
SEMA1a, allowing it to sprout across the midline due to the interaction between
dendritic CAMs and midline CAMs. Following contact with the axon terminals on
the left side, the green AN-1 will again upregulate SEMA1a in order to promote
synapse formation.
!
!
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METHODS
Identification of Sema1a variants
RNA extraction and transcriptome assembly were performed by Harris Fisher, and the
Sema1a variant “Extavour Sema1a” was identified from this transcriptome by Hadley
Horch. In order to assemble a transcriptome of mRNA transcripts that are expressed at
several time points following deafferentation, prothoracic ganglia were collected from adult
male G. bimaculatus that had been deafferented for 24 hours, three days, or seven days (n =
3 at each time point). All deafferentation surgeries were performed three to four days after
the first adult molt, and a foot chop surgery, in which the tympanal membrane and auditory
organ remained intact, was performed on control animals, which were dissected at the same
time points as deafferents (n = 3 at each time point). Tissue was homogenized and RNA
extraction was performed with a QIAGEN RNeasy Lipid Tissue Mini Kit (QIAGEN,
catalog no. 74804), after which DNA was removed with a TURBO DNA-free Kit
(ThermoFisher Scientific, catalog no. AM1907). Samples were prepared according to
standard Illumina Hi-Seq 2500 platform procedure by Hudson Alpha (Huntsville, AL), with
25 million paired-end reads generated, each 100 base pairs in length. De novo
transcriptome assembly from RNA-Seq data was performed using Trinity version 2.2.0
software (Grabherr et al. 2011). The completed transcriptome was uploaded into Geneious
10.1.2 software (http://www.geneious.com, Kearse et al. 2012) to be used as a reference
sequence. A BLAST comparison was used to match four isotigs of Sema1a
(GFJY65E02G9CD4, GFJY65E01BF0U0, GFCP6CO01BQEFC, and GFJY65E01DBS1N)
from the ASGARD database (Extavour and Zeng 2012) to the Horch transcriptome. The
contigs which were returned from this BLAST analysis were 200 to 700 base pair
fragments of mRNA transcripts. Geneious software was used to align contigs which had
overlapping regions of high identity, thereby assembling a 5,437 base pair Extavour
Sema1a sequence. A series of PCR reactions were then run to confirm that primers against
seven different regions of the proposed Extavour Sema1a sequence produced sequence
fragments of the expected size. For these PCR reactions, pooled cDNA from nondeafferented prothoracic ganglia and from G. bimaculatus eggs was used as a template. The
PCR products were not sequenced due to time constraints.
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Design of probe sequences
The sequences of DIG-labeled antisense RNA probes against Horch Sema1a,
Extavour Sema1a, and Sema2a were chosen to fall outside the SEMA domain, to reduce the
likelihood of non-specific binding by probes to any non-target mRNA transcripts from the
semaphorin family (Figure 3). The Horch Sema1a sequence was kindly supplied by the
Noji laboratory (University of Tokushima, Japan) based on a transcriptome assembled for
adult G. bimaculatus with and without amputated forelegs (Bando et al. 2013). The Sema2a
sequence in G. bimaculatus was first cloned by Maynard et al. (2007), in association with
the Horch laboratory. Neither Horch Sema1a nor Sema2a are currently available in the
Antisense probe
5’ UTR

SEMA domain

Plexin domain

Ig domain

3’ UTR

Figure 3. Schematic of antisense probe placement within the target mRNA sequence. We
avoided designing probes against the SEMA domain, as this is a region of higher identity
between semaphorin transcripts, and may lead to non-specific binding. Instead, the Cterminus was targeted, often encompassing the 3’ untranslated region and probable Ig
domain.
NCBI database or the DNA Data Bank of Japan (DDBJ). The SEMA domain is located at
the N-terminal, and one or more copies of a small cysteine-rich domain are known to fall at
the immediate C-terminal end of the SEMA domain (Gherardi et al. 2004). Thus, the
SEMA domain of Extavour Sema1a, Horch Sema1a, and Sema2a was presumed to extend
from the N-terminal end to the end of the cysteine-rich region, which contained twelve to
fourteen cysteine residues. In the case of Sema2a and Extavour Sema1a, probes were
designed against the probable 3’ untranslated region. The regions against which the probes
are designed are fairly dissimilar, with 52.4% pairwise identity at the nucleotide level
between Extavour Sema1a and Sema2a probe, 51.9% between Extavour Sema1a and Horch
Sema1a probe, and 50.6% between Horch Sema1a and Sema2a probe. This represents a
mild decrease in pairwise identity as compared to that within the SEMA domain, which was
57.2% identical between Horch Sema1a and Sema2a. Interestingly, there was unusually low
similarity within the SEMA domain between Extavour Sema1a and Sema2a, with only
50.6% pairwise identity.
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Probe synthesis
Probe synthesis, gel electrophoresis, and assessment of concentration were performed by
Lisa Ledwidge. Single-stranded RNA probes complementary to Horch Sema1a, Extavour
Sema1a, and Sema2a were synthesized using gBlocks Gene Fragments (Integrated DNA
Technologies) as templates. The sequences used as templates were approximately 500 base
pairs long, and were chosen to be outside of the SEMA domain. This region was chosen in
order to prevent non-specific binding, but Southern blots were not performed in order to
conclusively demonstrate that probes bound specifically only to their designed target, or
that the level of staining intensity produced by each probe was equivalent. The reverse
complement of the T7 primer sequence was built in at the 3’ end of each template sequence
(bolded in Table 1), in order to allow binding of T7 RNA polymerase to the template
sequence during probe synthesis.

Table 1. gBlock template sequences used in transcription reaction
Type of mRNA

Sequence of gBlock template

Horch Sema1a

5’GCAGTGTTGGAGGATTGTCATCAAACTATCCCAAGTCATTTAA
TCATGACTCTGGTCGTTCAAGCAAAGATATACAGGGTGGAGAAG
TCATTAACATTATGCATGATGAAGAAGAACACACAGGCCCCGAG
GTCAGTGCGGCTGATTCACCAATGCCACAATATTCTGTGGAGAC
CTTAGCAATGGCAGTTGTAGCAGGGTCAGTGGCAGCATTGGTCG
TTGGCTTTGTCACCGGCTATCTATGTGGTCGCAAATGCCACAAA
GAAGAAGAAGACAACCTCCCATATCCTGATACTGAGTATGAGTA
TTTTGAACAAAGGCAGACAGTAAACAGCCGACTGCAACCAGAA
CCAAAGCTGTTACCACAGGAAGAGGTGACCTACGCAGAGCCAG
TGTTGGTCCCCGCCCCAGGGCCCAACAAGCTGAACTCCCCCAAG
AGCACCCTCCGGAAAGCACACAACGCCAACCACGCCGCCGAGA
CCCTGTTTCAGTTCTCCGCTATAGTGAGTCGTATTACCCC3’

Extavour Sema1a

5’GCTGAGGAATGTGTTAAGAAAAGTAAAGAAGATGTGAAGTGT
CTAATGAACAATTAAGAAACAGACTTAGTTGAAGTTTGAATATA
CTTTGCAGTGATTAGTGATTCTGTGATCAATTGATGGTTTTGTAG
TGATGACATTTTTGGCATTAGATAAAATGCCTTGTGGAACACAG
GTTCTTAATGTGAAGCTTACAACATATTTCTTCAAAAGACAAGT
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GTACAAGAAGAAGAAAAAAGAAGGTTGCCACAAGGAATGAATT
ATTTTTACAAGCTATTATTCTTCGCCTTATTGTGGAGCATAAATG
TTGCTTTCCAAGATGAAGAATCTTGCTTGTGTAGGAAGATCTATC
ATGCCGTTAATAAAGCTGACAAAAAGTATATGTACAATAAGAGA
AAAATGAGTAGAAGGTTTACCTGACATACTACATAGTTAGGTGA
AATATTTGTGACATGAACTATTACGTTGCCAATAAAAAAAAGTA
TAAGTGCACGAAAGTGCTATAGTGAGTCGTATTACCCC3’!

Sema2a

5’CCTGGGTTGCTTCAAGATGTTGCAAATCGAACAGTAAGCATAT
GTGACAGCAGTGTTGTGAAGAAGAAAATGGTTGTAACTTGGGGT
CAGAGCATTCATTTAGGCTGTTTTCTTCGAATGCCAGAAGTATTG
AGCAGGCAGACCGTTACATGGTATCATTACAGCAAGGAGAAAG
GCCGTTATCAGATTCAGTACAGGGCTGACAAATATATAGAGACT
TCTGAGCGAGGCCTGGTCATCATAGCAGTGACAGAGGCAGACTC
TGGTCGCTATGATTGTTGGCTTGGAGGAGCTCTTCTCTGCAGTTA
CAATATAACTGTTGATGCTCATCGTTGTGCACCACCAGGAAAGT
CGCATGACTACCAGAAGATCTACTCAGACTGGTGCCATGAGTTT
GAGAAGTACAAGATGGCAATGAAAACTTGGGAGCGCAAACAAG
CTCAATGCAGCACCCGTCAGAATGACAGCAACCAGAATGCACAC
CCTAACGAGATCTACCACAGAAGTCCTTTGGTCTGATAGCCGGT
TACTGGACGCGCTTGAGCTGCTACTCGTGGTAGTGGGCTCTATA
GTGAGTCGTATTACCCC3’

gBlock templates were resuspended in 1X Tris-EDTA Buffer (TE; American Bioanalytical,
catalog no. AB14033-01000) at 50 ng/µL concentration. Tubes were vortexed, incubated at
50°C for 20 minutes, and then vortexed again. T7 RNA polymerase (MEGAscript T7
Transcription Kit, catalog #AM1334) was used with a DIG RNA Labeling Mix (catalog
#11277073910, Roche) and the MEGAscript kit in order to incorporate DIG-labeled UTP
nucleotides into antisense probes during the transcription reaction. gBlock template DNA at
a final concentration of 10 ng/µL was combined in a solution with 10% of 10X
Transcription Buffer, 10% of 10X DIG RNA Labeling Mix, 10% T7 RNA polymerase, 5%
Protector RNAse Inhibitor (Roche, catalog no. 03335402001), and 65% nuclease-free
water. The solution was incubated at 37°C for two hours. A SigmaSpin Sequencing
Reaction Clean-Up column (Sigma, catalog no. S5059) was prepared as directed and used
to purify the product. The column was placed in a microfuge tube, the RNA product was
added to the top of the resin, and the column was spun for four minutes at 800 x g. 40 µL of
!
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RT-PCR Grade Water (Thermo Fisher Scientific, catalog no. AM9935) and 1 µL of
Protector RNAse Inhibitor were added to the elute. The size of the probes was verified on a
1.5% agarose gel with TAE buffer (Tris-acetate buffer with EDTA; 0.242 g/mL Tris
[hydroxymethyl] aminomethane, American Bioanalytical, catalog no. AB02000-01000,
5.7% glacial acetic acid, Sigma-Aldrich, catalog no. 537020, 10%
Ethylenediaminetetraacetic acid [EDTA], Sigma Life Science, catalog no. E5134-250G,
84.3% reverse-osmosis water) (Figure 4). The concentration and purity of the probes was
assessed using a Qubit Fluorometer (Thermo Fisher Scientific) and Qubit RNA HS Assay
(Thermo Fisher Scientific, catalog no. Q32852). 40 µL of RNAse-free water were added to
each RNA sample to bring concentration within detectable range by the Quibit
Fluorometer, which produced a concentration of 29.5 ng/µL in Extavour Sema1a, 115.0
ng/µL in Horch Sema1a, and 95.5 ng/µL in Sema2a. One µL of Horch Sema1a and Sema2a
were stored on Preservation Plates (Watson Biolab; catalog no. 176-103GR), or about 115.0
ng and 95.5 ng respectively per plate; three µL of Extavour Sema1a were stored on one
plate, or about 88.5 ng per plate. The full sequences of the antisense probes are below
(Table 2).
!

Table 2. Antisense probe sequences and concentrations
Type of mRNA

Sequence of antisense probe

Length

Horch sema1

5’GCAGTGTTGGAGGATTGTCATCAAACTATCCCAAGTCATTT

498 bp

AATCATGACTCTGGTCGTTCAAGCAAAGATATACAGGGTGG
AGAAGTCATTAACATTATGCATGATGAAGAAGAACACACAG
GCCCCGAGGTCAGTGCGGCTGATTCACCAATGCCACAATATT
CTGTGGAGACCTTAGCAATGGCAGTTGTAGCAGGGTCAGTG
GCAGCATTGGTCGTTGGCTTTGTCACCGGCTATCTATGTGGT
CGCAAATGCCACAAAGAAGAAGAAGACAACCTCCCATATCC
TGATACTGAGTATGAGTATTTTGAACAAAGGCAGACAGTAA
ACAGCCGACTGCAACCAGAACCAAAGCTGTTACCACAGGAA
GAGGTGACCTACGCAGAGCCAGTGTTGGTCCCCGCCCCAGG
GCCCAACAAGCTGAACTCCCCCAAGAGCACCCTCCGGAAAG
CACACAACGCCAACCACGCCGCCGAGACCCTGTTTCAGTTCT
CCG3’

Extavour Sema1a
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5’GCTGAGGAATGTGTTAAGAAAAGTAAAGAAGATGTGAAG

500 bp
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TGTCTAATGAACAATTAAGAAACAGACTTAGTTGAAGTTTG
AATATACTTTGCAGTGATTAGTGATTCTGTGATCAATTGATG
GTTTTGTAGTGATGACATTTTTGGCATTAGATAAAATGCCTT
GTGGAACACAGGTTCTTAATGTGAAGCTTACAACATATTTCT
TCAAAAGACAAGTGTACAAGAAGAAGAAAAAAGAAGGTTG
CCACAAGGAATGAATTATTTTTACAAGCTATTATTCTTCGCC
TTATTGTGGAGCATAAATGTTGCTTTCCAAGATGAAGAATCT
TGCTTGTGTAGGAAGATCTATCATGCCGTTAATAAAGCTGAC
AAAAAGTATATGTACAATAAGAGAAAAATGAGTAGAAGGTT
TACCTGACATACTACATAGTTAGGTGAAATATTTGTGACATG
AACTATTACGTTGCCAATAAAAAAAAGTATAAGTGCACGAA
AGTG3’

Sema2a

5’CCTGGGTTGCTTCAAGATGTTGCAAATCGAACAGTAAGCA

566 bp

TATGTGACAGCAGTGTTGTGAAGAAGAAAATGGTTGTAACT
TGGGGTCAGAGCATTCATTTAGGCTGTTTTCTTCGAATGCCA
GAAGTATTGAGCAGGCAGACCGTTACATGGTATCATTACAG
CAAGGAGAAAGGCCGTTATCAGATTCAGTACAGGGCTGACA
AATATATAGAGACTTCTGAGCGAGGCCTGGTCATCATAGCA
GTGACAGAGGCAGACTCTGGTCGCTATGATTGTTGGCTTGGA
GGAGCTCTTCTCTGCAGTTACAATATAACTGTTGATGCTCAT
CGTTGTGCACCACCAGGAAAGTCGCATGACTACCAGAAGAT
CTACTCAGACTGGTGCCATGAGTTTGAGAAGTACAAGATGG
CAATGAAAACTTGGGAGCGCAAACAAGCTCAATGCAGCACC
CGTCAGAATGACAGCAACCAGAATGCACACCCTAACGAGAT
CTACCACAGAAGTCCTTTGGTCTGATAGCCGGTTACTGGACG
CGCTTGAGCTGCTACTCGTGGTAGTGGGCT3’

RNA dot blot
One Watson preservation disc containing approximately 100 ng of each RNA probe was
incubated with hybridization buffer (0.02g/mL Blocking Reagent (Roche, catalog no.
11096176001), 50% formamide, 25% 20X saline-sodium citrate (SSC) at pH 7.0, 1%
Triton X-100, 1% CHAPS detergent (3-[(3-cholamidopropyl)dimethylammonio]-1propanesulfonate, from Calbiochem, catalog no. 220201-10GM), 1% 5M EDTA, 0.5 mg of
heparin (Sigma-Aldrich, catalog no. H3393-50KU), 0.01 mg of yeast tRNA (Invitrogren,
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catalog no. 15401-029) and 22% RO water) at 1 ng/uL at 70°C for thirty minutes. This
hybridization buffer solution was diluted 2:10, 1:10, 1:100, and 1:1000 with RNA dilution
buffer (nuclease-free water, 20X SSC, 16% formaldehyde, 2.4:3:4.6) to give four
concentrations of RNA solution: 200, 100, 10, and 1 pg/µL. A nitrocellulose membrane was
spotted with 1 µL of each solution, UV crosslinked, and rinsed with 2X SSC for one minute
and 0.1% PBS-Triton (PBST; 1X PBS with added Triton X-100 from BioRad, catalog no.
161-0407) for 20 minutes. All solutions containing PBST, as well as stock 0.1% PBST,
were refiltered using an Autofil Bottle Top Vacuum Filter (Foxx Life Sciences) every three
weeks, in order to prevent the accumulation of Triton aggregates. The nitrocellulose
membrane was incubated with anti-DIG-AP Fab Fragments (1:5000 in PBST, product
#11093274910, Roche) for 30 minutes, washed in PBST three times for ten minutes, and
alkaline phosphatase (NTMT) buffer (10% 1M Tris-HCl at pH 9.5, 2% 5M NaCl, 0.1%
Triton, 5% 1M MgCl2, 83% RO water) once for five minutes. The membrane was then
incubated in staining solution, which was 0.41% 4-nitro blue tetrazolium chloride/0.68% 5bromo-4-chloro-3-indoyl phosphate in NTMT (NBT, from Roche, catalog no.
11383213001, 0.075 g/mL NBT in 70% dimethyl formamide (DMF)/30% water; BCIP,
from Roche, catalog no. 10760994001, 0.05g/mL BCIP in 100% DMF). The membrane
was kept in the dark and checked every hour; once color developed, the reaction was
stopped by washing the membrane with RO water.
Animal husbandry
An inbred colony of Gryllus bimaculatus crickets, which was originally received from the
Hoy laboratory at Cornell University, Ithaca, New York, was kept at 65% humidity.
Crickets experienced a photoperiod of twelve hours of light and twelve hours of darkness,
were kept at 28°C, and were given cat chow and water ad libitum.
Adult tissue extraction and removal of neural sheath
Individual prothoracic ganglia, connected chains of the three thoracic ganglia (prothoracic,
mesothoracic, and metathoracic ganglia), and brains were dissected out of adult crickets.
Prior to dissection, crickets placed in a closed petri dish and submerged in ice for fifteen
minutes in order to anesthetize them. To remove individual prothoracic ganglia, crickets
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were pinned ventral-side up. Lateral incisions adjacent to the legs were made, and were
connected by an incision across the caudal end. The cuticle was removed and connectives
to the prothoracic ganglion were severed. The prothoracic ganglion was extricated by
grasping the severed connectives. To remove connected chains of the first three thoracic
ganglia, the cuticle and first two exoskeletal segments were removed from the ventral side.
In order to remove the chitin ridge between the mesothorax and the metathorax without
breaking the connectives, the ridge was severed on the lateral and dorsal sides and was
extracted from the body along with the ganglia, to be cut away following ganglia extraction.
To remove the brain, crickets were decapitated, and then exoskeleton structures and muscle
tissue was removed from the posterior side, beginning with the mandibles, labium, and
maxillae. Tissue was removed until the brain, which is located between the antennae and
just beneath the surface of the exoskeleton, was visible. All extracted tissue was left in 4%
paraformaldehyde (PFA; diluted from 16% PFA from Electron Microscopy Sciences,
catalog no. 15710) in 1X phosphate-buffered saline (PBS; diluted from 10X PBS from
American Bioanalytical, catalog no. AB11072-01000) at room temperature for between one
and two hours. After this point, the tissue was desheathed in HEPES-buffered saline (HBS;
150mM NaCl, 5mM KCl, 5mM CaCl2, 25mM sucrose, 10mM HEPES (4-(2-hydroxyethyl)1-piperazineethanesulfonic acid, from American Bioanalytical, catalog no. AB0089200100)). Dumont #5 Forceps (Fine Science Tools, catalog no. 11295-10) were used to
carefully remove the nerve sheath, which is made up of a thin layer of perineurial and glial
cells overlaid by the neural lamella, and which surrounds insect central nervous tissue and
protects it from ions, molecules, and polar solutes within the hemolymph (Carlson et al.
2003). Connectives were grasped with the forceps and the neural sheath was gently pulled
off the surface of the tissue, avoiding damage to the underlying tissue to the greatest degree
possible. Tissue was then stored in 4% PFA at 4°C overnight.
Embryo dissections
Eggs were collected over a two-hour period from adult cricket colonies and allowed to
develop at 28°C in damp paper towels for approximately 72 hours, at which point the
embryos reached stage 7.5 to 8.0, according to the classification described in Donoughe and
Extavour (2016). Eggs were dissected in HEPES-buffered saline (HBS). A tungsten needle
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was used to puncture the anterior end of the egg; a minimal portion of the egg was then
removed with spring scissors. Embryos were pushed out of the eggshell by applying
pressure to the posterior end, were cleaned of yolk to the greatest degree possible, and were
then fixed in 4% PFA at 4°C overnight. Leftover eggs of the correct stage for dissection
were stored in HBS at 4°C to suspend growth for up to three days.
Tissue dehydration and rehydration
All tissue was dehydrated using a graduated series of methanol solutions: 25%, 50%, 75%,
and 100% methanol in PBST at pH 7.4. Tissue was stored at -20°C in 100% methanol until
further use. On the first day of the in situ hybridization protocol, tissue was rehydrated
using the same methanol series in reverse: 100% methanol, followed by 75%, 50%, and
25% methanol in PBST.
In situ hybridization
Whole-mount in situ hybridization using a digoxigenin-labeled antisense RNA probe
(Wilkinson 1992) was performed, based on a standard protocol developed by the Noji lab at
the University of Tokushima and employed in Niwa et al. (2000). Following rehydration,
incubation time with 2 µg/mL proteinase K differed by tissue type; embryos were incubated
for five minutes, ganglia fifteen, and brains twenty, followed by two five-minute PBST
washes. Tissue was refixed with 0.2% glutaraldehyde and 4% PFA in PBST and sorted into
wells in the hybridization plate, again followed by two five-minute PBST washes. Tissue
was incubated at 70°C in hybridization buffer for a five-minute wash, followed by a twohour wash. Approximately 100 ng (see Table 2) of probe in 1 mL of hybridization buffer
was applied to each well, which contained at maximum nine embryos or eighteen ganglia,
in the case when connected chains of three ganglia were used. Probes were allowed to
hybridize at 70°C for about 16 hours. Tissue was then washed for 20 minutes with a
solution of 50% formamide, 25% 20X SSC buffer at pH 4.5 and 1% sodium dodecyl
sulfate, followed by three 20-minute washes each with solutions of 10% 20X SSC at pH 7.0
with 0.1% CHAPS detergent and 1% 20X SSC at pH 7.0 with 0.1% CHAPS detergent
respectively. These washes were all performed at 70°C. There were three subsequent tenminute room temperatures washes with 10% 10X KTBS stock solution (500mM Tris-HCl
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at pH 7.5, 1.5M NaCl, and 0.1M KCl) with 0.1% Triton X-100 (KTBT). Polyclonal sheep
anti-DIG-AP, Fab fragments antibody (Roche, catalog no. 11093274910) were preabsorbed with embryos following refixation. One mL of 1.5% Blocking reagent and the
volume of anti-DIG-AP, Fab fragments antibody required for a dilution of 1:2500 in the
final solution were added to a tube with three refixed embryos. The tube was shaken on ice
for one hour and then centrifuged for 20 minutes at 12,000 RPM and 4°C. The supernatant
was used to make the antibody wash solution, a 1:2500 dilution of anti-DIG-AP, Fab
fragments in 1.5% Blocking Reagent in KTBT. 1.5% Blocking Reagent in KTBT was
applied for one hour, followed by one hour in the antibody wash solution. Five additional
one hour KTBT washes followed. A wash sequence of NTMT buffer, NTMT buffer with
2.5% polyvinyl alcohol (PVA), and NTMT buffer with 5% PVA was completed. 0.45%
NBT and 0.3% BCIP were added to NTMT. One mL of staining solution was added to each
well. Staining was allowed to progress for a maximum of nine hours at room temperature in
the dark, with an additional twelve hours overnight at 4°C if the areas of darkest staining
were not nearly black in color. Once a dark, specific pattern had developed or the full time
period had passed, tissue was transferred into destaining washes, which were a sequence of
50% ethanol in PBST, 100% ethanol, and 50% ethanol in PBST, each lasting for three
minutes. The sequence was repeated until any non-specific staining had been removed as
much as possible. Tissue was sunk in 25% glycerol in PBST and stored in 50% glycerol in
PBST at 4°C.
Imaging
Embryos were transferred from 50% glycerol in PBST onto Fisherbrand Superfrost
Microscope Slides (catalog no. 12-550-12), and excess medium was absorbed with a
Kimwipe (Kimtech Science). Embryos were arranged with limbs splayed using a tungsten
needle. Dental wax was scraped onto the corners of a coverslip, which was applied over the
sample. 70% glycerol in PBST was applied from the side of the coverslip, which was then
sealed with nail polish. Micrographs were taken using a Zeiss Axioskop 2 Plus compound
microscope and Leica DFC450 C camera. Adult central nervous system tissue was placed
in a dish with 1% agarose in PBS and covered with 50% glycerol in PBST. Micrographs
were taken using a Leica M165 FC fluorescent stereomicroscope and Leica DFC540 C

!

28

camera. All micrographs were collected with Leica LAS Core V4.6 software. Figures were
assembled in Photoshop, with minimal adjustments made to contrast and brightness in the
micrographs in order to normalize exposure between micrographs and make DIG staining
as visible as possible.
RESULTS
Identification of Extavour Sema1a
Previously identified isotigs of Sema1a from the ASGARD database (Extavour and Zeng
2012) were mapped to a G. bimaculatus transcriptome assembled by Harris Fisher. The
returned contigs were assembled by Hadley Horch into a sequence which was named
“Extavour Sema1a,” since the ASGARD isotigs were originally sequenced and identified
by the Extavour laboratory. Geneious software confirms a 99.0% pairwise identity between
the ASGARD isotigs and the putative Extavour Sema1a sequence (Fig. 3). Extavour
SEMA1a is a distinct protein from both Horch SEMA1a and SEMA2a; it has only a 49.9%
pairwise identity with Horch SEMA1a and 32.7% pairwise identity with SEMA2a at the
amino acid level, which is comparable to the 33.3% pairwise identity between Horch
SEMA1a and SEMA2a.
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Given our observation of two ill-matched putative SEMA1a proteins in G.
bimaculatus, we sought to investigate whether other closely related species also expressed
two distinct variants of SEMA1a, one of which might potentially be homologous to Horch
SEMA1a, and the other to Extavour SEMA1a. Geneious software was used to construct a
phylogenetic tree of Gryllus bimaculatus Horch SEMA1a, Extavour SEMA1a, and
SEMA2a, as compared to similar semaphorin protein sequences in Schistocerca americana
(American grasshopper), Tribolium castaneum (red flour beetle), Drosophila melanogaster
(common fruit fly), Zootermopsis nevadensis (dampwood termite), Clastoptera arizonana
(Arizona spittlebug), Athalia rosae (turnip sawfly), Apis mellifera (European honey bee),
Pediculus humanus corporis (body louse), Neodiprion lecontei (pine sawfly), and Bombyx
mori (silkworm) (Figure 5). All sequences were retrieved from the National Center for
Biotechnical Information (NCBI) database; see Table 3 for accession numbers.

Figure 4. ASGARD Sema1a isotigs GFJY65E02G9CD4, GFJY65E01BF0U0,
GFCP6CO01BQEFC, and GFJY65E01DBS1N assembled to one contig, named
“Extavour Sema1a.” ASGARD isotigs are 378, 343, 312, and 297 base pairs long
respectively, while the Extavour Sema1a contig is 5,437 base pairs long. There is a
99.0% pairwise identity between the ASGARD isotigs and Extavour Sema1a.
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We confirm that both Horch SEMA1a and Extavour SEMA1a are authentic
semaphorin 1a proteins; a BLASTp analysis revealed high pairwise identity between
Extavour SEMA1a and the well-characterized S. americana SEMA1a (83.6%) and between
Horch SEMA1a and Z. nevadensis SEMA1a (78.3%). We also observe predicted pairs of
non-identical SEMA1a proteins in Zootermopsis, Clastoptera, Athalia, Apis, and Bombyx;
in each case, one SEMA1a variant was much closer to Extavour SEMA1a than it was to
Horch SEMA1a, while the reverse was true for the other variant (Table 3; values are
displayed as percent pairwise identity between protein sequences). For all pairs of SEMA1a
within a species, the variant that matches Extavour SEMA1a had (CE) added after the name
to identify it within the tree; the variant that matches Horch SEMA1a had (HWH) added
after the name to identify it. Schistocerca, Pediculus, Neodiprion, and Tribolium appear to
have a complement of SEMA1a sequences that preferentially match either Extavour
SEMA1a or Horch SEMA1a – for example, there is no Tribolium SEMA1a sequence that
has a pairwise identity with Extavour SEMA1a higher than 49.2%, but this same Tribolium
SEMA1a has a 74.1% pairwise identity with Horch SEMA1a. It appears that there may be a
singular Drosophila SEMA1a, which best matches Horch SEMA1a; the Drosophila
SEMA1 that is closely related to Extavour SEMA1a appears to be identical to SEMA1b,
rather than SEMA1a. As shown in Fig. 5B, the species that express paired SEMA1a
variants span the Insecta class, and the phylogenetic relatedness between SEMA1a variants
(Fig. 5A) reflects the pattern of phylogenetic relatedness between species (Fig. 5B).
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Figure 5. (A)
Phylogenetic tree of G.
bimaculatus semaphorin
proteins and several
closely related species.
Extavour and Horch
SEMA1a are distinct
from each other,
although both are highly
similar to SEMA1a
proteins in other species.
Like Gryllus,
Zootermopsis,
Clastoptera, Athalia,
Apis, and Bombyx have
two variants of
SEMA1a, one of which
closely matches
Extavour SEMA1a while
the other matches Horch
SEMA1a. Of all the
species showing paired
SEMA1a proteins,
Zootermopsis SEMA1a
is most closely related to
Gryllus SEMA1a,
although the singular
Schistocerca SEMA1a is
closer to Extavour
SEMA1a than any other
species. Tree assembled
using Geneious software
version10.1.3 (B) Figure
showing hexapod
phylogeny adapted from
Misof et al. (2014).
Orthoptera are marked
with an orange star; all
genera where species
with paired SEMA1a
variants are found are
marked with a red star
(Isoptera, Hemiptera,
Lepidoptera,
Hymenoptera (Apis and
Athalia)) while all
genera containing
species with a single
SEMA1a sequence that
best matched Horch or
Extavour SEMA1a are
marked with a purple
star (Psocodea,
Coleoptera, Diptera,
Hymenoptera
(Tribolium)).
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Table 3. Pairwise identity between Gryllus SEMA1a and SEMA1a of related species
Species

NCBI Accession
Number

% Identity:

% Identity:

Extavour

Horch

SEMA1a

SEMA1a

Apis SEMA1a (CE)

XP_016766207.1

53.595

38.295

Apis SEMA1a (HWH)

XP_394163.3

44.39

71.648

XM_020855322.1

53.836

37.722

XM_012405510.2

45.665

73.018

Bombyx SEMA1a -like (CE)

XP_012549754.1

46.366

38.202

Bombyx SEMA1a (HWH)

XP_004930153.1

43.489

65.478

Clastoptera SEMA1a (CE)

JAS24556.1

57.792

44.795

Clastoptera SEMA1a (HWH)

JAS36630.1

45.984

71.080

Zootermopsis SEMA1a (CE)

KDR13624.1

84.076

48.808

Zootermopsis SEMA1a (HWH)

KDR23443.1

44.367

77.641

Schisotecerca SEMA1a (FasIV)

AAA29808.1

83.617

46.086

Pediculus SEMA1a

XP_002423485.1

66.906

44.366

39.543

60.12

Athalia SEMA1a (CE)
translation
Athalia SEMA1a (HWH)
translation

Drosophila SEMA1a Isoform E

Sequence entered
manually

Tribolium SEMA1a

EFA07551.2

45.882

73.411

Neodiprion SEMA1a

XP_015520667.1

45.665

73.785

Verification of probe size
Following the completion of the synthesis reaction and the purification of the RNA
product, the purified probe solution was run on a DNA gel, which confirmed the expected
size of each probe to be near 500 bp (see Table 2; Figure 6). Band sizes are slightly off
from the expected values, however; Extavour Sema1a at 500 bp and Horch Sema1a at 498
bp should run as the same size, but Extavour Sema1a appears larger, while Sema2a, at 566
bp, appears the same size as Horch Sema1a. Additionally, there is an unexplained second
band within the Sema2a sample of about 700 bp. Smearing above the bands can be
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attributed to the fact that this was not a denaturing gel, and thus the secondary structure of
the RNA remains intact, preventing it from running smoothly; however, since there is no
smearing below the bands, the RNA samples have not degraded. The fact that this is not a
denaturing gel may also explain some of the unexpected sizes, since each probe sequence
may form different second structures and thus RNA may not run evenly between wells.
Because the template used for the synthesis reaction of Sema2a was only 588 bp long, the
unexpected band at 700 bp in the Sema2a is unlikely to be the result of extended synthesis
of the template. It is possible that this band is the result of contamination, although since
gBlock templates were brand new, this also seems unlikely; one alternate possibility may be
that Sema2a probes occasionally formed a larger secondary structure that ran less
efficiently on the gel and thus appeared to fall at a larger size than other Sema2a probes.

Extavour Horch Sema2a
Sema1a Sema1a

1000
bp
500
bp

Figure 6. Antisense RNA probes are the correct size. 5 µL of purified RNA
probe, run on a 1.5% agarose gel in TAE at 150 amps. Extavour Sema1a, Horch
Sema1a, and Sema2a show faint bands at approximately 500 bp, which
corresponds with the expected sizes of 500 bp, 498 bp, and 566 bp respectively,
indicating that the synthesis reaction has translating the expected sequence from
the gBlock template.
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Expression of semaphorins in G. bimaculatus embryos
Stage 7.5 to 8.0 (Donoughe and Extavour 2016) G. bimaculatus embryos were
collected for use in an in situ hybridization with antisense probes against Extavour Sema1a,
Horch Sema1a, and Sema2a. Embryos hybridized with Horch Sema1a probes (n = 14) and
Sema2a (n = 16) probes successfully produced distinct patterns of staining (Figure 7D-7F;
7G-7I); however, all embryos that were hybridized with Extavour Sema1a probes (n = 17)
showed a total absence of visible staining (Fig. 7A-7C). In this instance, Extavour Sema1a
functioned similarly to a sense probe, confirming that the mere presence of DIG-labeled
RNA, regardless of its ability to bind to transcribed mRNA, was not enough to produce
staining within the G. bimaculatus embryo. There was a strong expression of Horch
Sema1a along the midline cells of the developing central nervous system in all embryo
samples (n = 14) (Fig. 7E). Expression of Sema2a was similarly localized (Fig. 7H).
Notably, there was a strong circumferential band of Sema2a expression in the center of the
limb bud, as well as a small point of concentrated expression at the very distal tip (Fig. 7I),
which is in agreement with the results reported by Maynard et al. (2007). However,
contrary to our expectations, there was no expression of Horch Sema1a in any portion of
the developing limb bud (Fig. 7C).
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Figure 7. Horch Sema1a and Sema2a are expressed at the midline, but there is an absence of
Sema1a expression in the limb buds. Representative samples of expression of Extavour
Sema1a (A, B, and C), Horch Sema1a (D, E, and F), and Sema2a (G, H, and I) in stage 7.5
to 8.0 G. bimaculatus embryos. There was no visible staining in embryos hybridized with
Extavour Sema1a probes (B) (n = 17). Horch Sema1a was strongly expressed in the midline
cells (E) and in the distal third of the tail (D), but there was no visible expression anywhere
within the limb buds (F) (n = 14). Sema2a showed similar expression in the midline cells
(H), along with a sharp band of circumferential expression in the center of the limb bud (H)
(black arrow) and a small area of concentrated expression at the distal tip of the limb bud (I)
(white arrow) (n = 16). All micrographs taken using a Zeiss Axioskop 2 Plus compound
microscope with LAS Core V4.6 software set to the same parameters for contrast and
brightness.
Horch Sema1a and Sema2a were also expressed in the developing brains of stage
7.5 to 8.0 embryos (Figure 8); there was again no visible expression of Extavour Sema1a in
the region of the brain (data not shown). Expression of Horch Sema1a, visible through the
epithelium, is diffuse over the dorsal surface of the brain, in the center of the head (Fig.
8A). Distinct points of stronger expression are visible at what may be the tips of the
mushroom bodies (Fig. 8A; white arrows). The developmental expression of Sema2a in the
brain showed a similar pattern, with diffuse, general staining in the vicinity of the brain,
appearing almost as a horizontal band across the head. This horizontal band is marked by
points of stronger expression at each end, which may coincide with the tips of the

!

36

mushroom bodies, although we cannot rule out the possibility that these are simply areas of
higher transcriptional activity, in which probe is being trapped by virtue of a high
concentration of mRNA (Fig. 8B; black arrows).

Figure 8. Developmental expression of semaphorin transcripts in the embryonic brain.
Both Horch Sema1a (A) and Sema2a (B) are expressed in the region where the brain is
forming in stage 7.5 to 8.0 G. bimaculatus embryos, and the pattern and intensity of
staining suggests that there may be a higher degree of expression specifically at points
where the mushroom bodies are developing (black arrows).

Since we observed no staining with the Extavour Sema1a probe, an RNA dot blot
was conducted to confirm the presence of DIG-labeled RNA on each plate. The blot
demonstrated sufficient presence of RNA on one plate for all three putative probes to
produce visible staining at all measured concentrations (Fig. 9). 100 ng of probe, at a
concentration of 100 pg/µL, are typically applied to a single well during an in situ
hybridization. Prior to the in situ hybridization, we had confirmed that all three of the
synthesized RNA probe sequences were near the expected size of about 500 base pairs (Fig.
6). Thus, it does not appear to be the case that an insufficient concentration of the DIGlabeled RNA was present to produce staining for Extavour Sema1a, nor that a sequence that
was obviously not the intended probe sequence was created during the synthesis reaction.
This suggests a potential concern with the region against which the probe was designed, or
with the suitability of the sequence of the probe itself, and its potential propensity to form
secondary structures. It would be informative to perform a Southern blot in the future to
assess whether Extavour Sema1a probe can successfully bind to a known Extavour Sema1a
nucleotide sequence. This blot confirms only that DIG-labeled RNA is present on the
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Extavour Sema1a plates and can produce staining, not that the DIG-labeled RNA sequence
can necessarily hybridize to any nucleotide sequence generally or to the Extavour Sema1a
sequence specifically. The unexpected pattern of staining intensity in this RNA dot blot,
with the greatest staining intensity observed at 10 pg/µL, suggests that the blot was likely
overdeveloped. However, this intense staining at 10 pg/µL does not call into doubt the
result of visible staining at 100 pg/µL, which is the concentration relevant to the in situ
hybridization experiments.

200 pg/µL

100 pg/µL

10 pg/µL

1 pg/µL

Extavour Sema1a

Horch Sema1a

Sema2a

Figure 9. Preservation Plates contain a sufficient quantity of DIG-labeled RNA to
produce staining. Probe samples for Extavour Sema1a, Horch Sema1a, and Sema2a
from Watson Preservation Plates were suspended at a concentration of 1,000 pg/µL, ten
times the experimental concentration. These samples were then diluted 2:10, 1:10,
1:100, and 1:1000 in RNA Dilution Buffer, and 1 µL of each concentration was applied
to a nitrocellulose membrane. Application of a staining solution produced visible
staining at all concentrations for all probes, indicating that a sufficient quantity of DIGlabeled RNA is present on each plate to produce a visible stain experimentally. The
absence of obvious differences in staining intensity along the concentration gradient
likely indicates that the blot was over-reacted; however, the results are still a reliable
measure of the presence of RNA.
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Expression of semaphorins in the adult G. bimaculatus central nervous system
Brains, individual prothoracic ganglia, and attached chains of prothoracic,
mesothoracic, and metathoracic ganglia were collected from uninjured adult G.
bimaculatus. The expression of Extavour Sema1a, Horch Sema1a, and Sema2a in these
tissues was investigated using in situ hybridization. No staining was observed in brains (n =
1) or ganglia (n = 2) hybridized with probes against Extavour Sema1a (data not shown), but
probes against Horch Sema1a and Sema2a successfully hybridized and produced specific
staining in brains, as well as prothoracic, metathoracic, and mesothoracic ganglia. In brains,
expression of both Horch Sema1a (n = 5) and Sema2a (n = 5) was visible in the mushroom
bodies (Figure 10). Horch Sema1a (Fig. 10A, 10C) was expressed diffusely at the top of the
mushroom bodies, without any one point of concentrated expression. In contrast, Sema2a
(Fig. 10B, 10D), in addition to being expressed in an area slightly smaller than that of
Horch Sema1a on the surface of the mushroom bodies, was highly expressed at the apex of
the mushroom bodies, in the neurogenic region (Fig. 10B; white arrow). In fact, Sema2a
appears to be expressed along the edges of the neurogenic region, so that the staining
pattern appears to be an open circle, without strong expression at the very center.
The region of unstained tissue below the mushroom bodies can be identified as the
calyx, the structure below the apex that is joined to the rest of the brain by the nerve tract of
the pedunculus. This observed pattern would be in agreement with the expression of
Sema2a in the mushroom bodies reported by Maynard et al. (2007) (Fig. 10E). In addition,
we observe a pattern of open circles on the dorsal side of the brain, below the mushroom
bodies, in both Horch Sema1a and Sema2a expression (Fig. 10C, 10D; black arrows). This
pattern of expression is not present on the ventral side, and the areas in which Horch
Sema1a and Sema2a are expressed appear to overlap, although expression of Horch
Sema1a appears stronger. Between the two open circles below each mushroom body, there
is a wider band of expression dividing the circles from each other (Fig. 10C, 10D; grey
arrows)
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Figure 10. Expression of Horch Sema1a and Sema2a in the adult brains of G. bimaculatus.
Horch Sema1a (n = 5) (A, C) is diffusely expressed over the surface of the mushroom
bodies, while Sema2a (n = 5) (B, D) in addition to being expressed in a slightly smaller
circle within the area of Horch Sema1a expression, was localized around the edges of the
neurogenic region (B; white arrow). Both Horch Sema1a and Sema2a are expressed in a
thin, horizontal band below the mushroom bodies (C, D; black arrows), which forms a
pattern like two circles by virtue of being divided down the middle by a wider vertical band
of expression (C, D; grey arrow). Inset is adapted from Maynard et al. (2007) and shows
Sema2a expression in a slice of the adult G. bimaculatus mushroom body. Note that the
unstained region is identified as the calyx (C) in the inset, which matches the unstained
region in whole-mount in situ results (C, D). Images were taken at approximately 10X
magnification on a Leica M165 FC stereomicroscope.
Expression of Horch Sema1a in the prothoracic ganglia (n = 5) was notably stronger
than was expression of Sema2a (n = 5) (Figure 11). Both Horch Sema1a (Fig. 11A) and
Sema2a (Fig. 11C) were expressed in horizontal bands across the ventral side of the
prothoracic ganglia, with one band at the anterior and the other at the posterior side. A few
cell bodies expressing Horch Sema1a were visible at the midline, as well as a very few
expressing Sema2a. Expression was minimal on the dorsal side; both Horch Sema1a (Fig.
11B) and Sema2a (Fig. 11D) were localized to the same region at the right and left anterior
and posterior corners of the ganglia. Horch Sema1a appears stronger, and extends farther
towards the center of the ganglia than does Sema2a expression, which, as in the mushroom
bodies of the brain, is more restricted and faint than Horch Sema1a expression.
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Figure 11. Representative samples of expression of Horch Sema1a (n = 5) (A, B)
and Sema2a (n = 5) (C, D) in non-deafferented prothoracic ganglia. Both Horch
Sema1a and Sema2a are expressed in a horizontal band across the anterior and
posterior of the ventral prothoracic ganglia (A, C), which wraps just slightly around
to the dorsal side (B, D). Horch Sema1a staining is generally stronger than Sema2a
staining, and extends farther towards the midline on the ventral side, where a few
cells which express Horch Sema1a are visible (A; white arrow). Very light Sema2a
expression is also visible at the midline, and a small number of cell bodies are
distinguishable (C; white arrow).
Additionally, as reported in Low (2013), distinct dark spots were observed in the
Sema2a prothoracic ganglia, on the anterior dorsal side, with two closely-spaced dark spots
visible on either side of the anterior connectives (Figure 12; white arrows). In some cases,
the second spot appeared below the first on the left side, while on the right side, the two
spots were oriented laterally to each other (Fig. 12A); in other cases, this orientation was
reversed, with the spots on the left side arranged laterally and those on the right side
arranged vertically (Fig. 12B). Previously, these spots of Sema2a expression had only been
observed following 12, 18, or 24 hours of deafferentation (Low 2013). It had been
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hypothesized that they may represent the cell bodies of AN-1 and AN-2 neurons (Low
2013), since these cell bodies are known to be located at the anterior of the prothoracic
ganglia, on either side of the connectives (Wohlers and Huber 1985).

Figure 12. Spots of visible Sema2a expression observed on the anterior dorsal
side of non-deafferented prothoracic ganglia (white arrows). A, B, and C
represent three different prothoracic ganglia hybridized with antisense Sema2a
probe (n = 5). For A and B, the ventral side faces upwards and the dorsal side
downwards; C shows a view of the dorsal side. Two spots are visible on either
side of the anterior connectives; for A and C, the rightmost spots are arranged
laterally and the leftmost vertically, whereas for B the rightmost are arranged
vertically and the leftmost laterally.
Interconnected chains of prothoracic, mesothoracic, and metathoracic ganglia were
hybridized with Horch Sema1a and Sema2a antisense probe to assess whether patterns of
semaphorin expression in the prothoracic ganglia were unique to this tissue, or were
replicated in the other thoracic ganglia (Figure 13). Horch Sema1a expression was stronger
in all three ganglia than was Sema2a expression, although both semaphorin transcripts were
localized in similar areas. As in the prothoracic ganglia, Horch Sema1a and Sema2a were
expressed in horizontal bands at the anterior and posterior ends on the ventral side of the
mesothoracic ganglia, although in the case of both Horch Sema1a and Sema2a, expression
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seemed to extend farther into the center of the mesothoracic ganglia than it did in the
prothoracic ganglia (Fig. 13A, 13C; white arrows). This midline expression in the
mesothoracic ganglia was more pronounced in the case of Horch Sema1a than in Sema2a.
The pattern of expression on the dorsal side was nearly identical between the prothoracic
and mesothoracic ganglia for both Horch Sema1a and Sema2a, and again Sema2a
expression was more faint than was Horch Sema1a expression.
Within the metathoracic ganglia, Horch Sema1a and Sema2a were expressed in a
very similar pattern, which was different than the pattern seen in the prothoracic and
mesothoracic ganglia (Figures 13 and 14). Examined more closely in Figure 14, the
metathoracic ganglia shows the characteristic horizontal bands of Horch Sema1a and
Sema2a expression at the ventral anterior and posterior ends, but there is a region at the
very posterior point of the ganglia which lacks semaphorin expression (Fig. 14A, 14C).
Additionally, on the posterior horizontal band there appear to be areas of concentrated
Horch Sema1a expression near the center (white arrows), separated by a blank space (Fig.
14A). There is also some expression of Horch Sema1a at the ventral midline (grey arrows).
This complete ventral pattern, with a darker posterior band, light midline expression, and an
absence of expression at the posterior tip, is faintly replicated in Sema2a (Fig. 14C). On the
dorsal side, Horch Sema1a shows a distinct band of vertical midline expression, with
individual cell bodies visible (Fig. 14B; black arrows); this is again faintly replicated in
Sema2a dorsal expression, although in this case cell bodies are not distinguishable (Fig.
14D).

!

43

Figure 13. Chains of (from top to bottom) non-deafferented prothoracic,
mesothoracic, and metathoracic ganglia extracted from adult G.
bimaculatus and hybridized with Horch Sema1a (n = 2) and Sema2a (n =
1) antisense probes. For both Horch Sema1a (A, B) and Sema2a (C, D),
expression extends farther into the ventral midline of mesothoracic than
prothoracic ganglia (A, C; white arrows). Metathoracic ganglia, unlike
prothoracic or mesothoracic, show a distinct vertical line of expression of
Horch Sema1a and Sema2a along the dorsal midline (B, D; black arrows).
For all ganglia, Horch Sema1a expression is stronger than Sema2a
expression, although the two are localized in similar areas.
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Figure14. Metathoracic ganglia from adult G. bimaculatus hybridized with
antisense probes against Horch Sema1a (XA-B; n = 2) and Sema2a (XC-D; n =
1). Unlike other thoracic ganglia, semaphorin expression does not extend to the
very posterior point of the metathoracic ganglia. On the ventral side, distinct
points of concentrated Horch Sema1a expression is visible within the posterior
band (white arrows), with some expression at the midline (grey arrows). On the
dorsal side, distinct midline expression of Horch Sema1a expression is visible
(XB; black arrow), while relatively faint Sema2a expression is localized to the
same vertical midline (XD; black arrow). As in other thoracic ganglia, the
posterior bands of expression appear to wrap around slightly to the dorsal side.
!

DISCUSSION
Phylogeny of SEMA1a variants
We were able to determine that multiple species from across the Insecta class
express homologs of both Extavour SEMA1a and Horch SEMA1a, suggesting that the
sequences represent two distinct proteins. Further, we show that the phylogenetic
relatedness between the SEMA1a variants from different species reflects the phylogenetic
relatedness between species and genera. Thus, the high degree of similarity between
Schistocerca SEMA1a and Gryllus Extavour SEMA1a (Table 3) is unsurprising,
considering that both species are members of the Orthoptera order. However, the absence of
an identified protein homologous to Horch SEMA1a in Schistocerca indicates that perhaps
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there are differences in the semaphorin profile between these species, although it is more
likely that the Horch SEMA1a homolog in Schistocerca simply has not yet been identified
and entered in the NCBI database. The next-closest species to Gryllus in which paired
SEMA1a variants were found is the termite species Zootermopsis nevadensis, from the
order Isoptera. Both Isoptera and Orthoptera are members of the polyneopteran superorder
(Fig. 5B), which is a monophyletic group whose lineage begins about 302 million years
ago, during the Pennsylvanian portion of the Carboniferous period (Misof et al. 2014). This
shared ancestry likely underlies the high degree of similarity between SEMA1a variants in
Gryllus and Zootermopsis.
Within the phylogeny of each SEMA1a variant, the degree of closeness between the
Gryllus SEMA1a sequence and the SEMA1a sequence from another species generally
corresponds with the phylogenetic distance between the two species. Clastopera
(spittlebugs) are a member of the order Hemiptera and the superorder Condylognatha,
which is more closely related to the superorder Polyneoptera than is the superorder
Holometabola, to which Apis and Athalia (both order Hymenoptera) belong (Misof et al.
2014) (Fig. 5B). Bombyx, belonging to the order Lepidoptera, is also a member of the
Holometabola superorder, but Lepidoptera is less closely related to Polyneoptera than is
Hymenoptera (Misof et al. 2014) (Fig. 5B). Thus, the phylogenetic tree of species that
express variants of SEMA1a (Fig. 5A, Table 3) reflects the general phylogeny of these
insect species (Fig. 5B), suggesting that the SEMA1a variants are not recent additions to the
genome, but rather conserved aspects whose inter-species variation follows the pattern of
species evolution.
Of the species that did not demonstrate pairs of SEMA1a variants, Tribolium (order
Coleoptera), Neodiprion, (order Hymenoptera), and Drosophila (order Diptera) belong to
the Holometabola superorder (Fig. 5B) Diptera is the most distantly related of
Holometabola orders to Polyneoptera, and thus the absence of SEMA1a variants might be
related to this phylogenetic distance. However, Hymenoptera and Coleoptera, which
contain species without SEMA1a variants, are both more closely related to Othoptera than
is Lepidoptera, which did show SEMA1a variants (Fig. 5B). Pediculus (order Psocodea)
does not belong to any superorder, but is more closely related to Polyneoptera than
Holometabola, though less closely than Condylognatha (Misof et al. 2014) (Fig. 5B). The
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most recent common ancestor from which all species that show paired SEMA1a variants
descend diverged about 385 million years ago (Misof et al. 2014); however, the
descendants of this ancestral species also include species which do not express two versions
of SEMA1a. It is interesting to note that even within orders, there seem to be some species
which retain two variants of SEMA1a, and some that do not: within Diptera, Drosophila
seems to express only one of our two variants of SEMA1a, while Aedes aegypti has been
shown to express at least two variants (Haugen et al. 2011). It may be the case that some
organisms, such as Drosophila, have lost one SEMA1a variant over the course of evolution,
as our phylogenetic tree seems to indicate that the two SEMA1a variants likely did not
evolve separately in each organism, and have an older origin.
Extavour SEMA1a
Once we had determined that Extavour SEMA1a and Horch SEMA1a were both
authentic SEMA1a sequences and were distinct from each other, we were interested in
investigating the expression of Extavour Sema1a and Horch Sema1a transcripts in the G.
bimaculatus developing embryo, the model tissue in which expression of semaphorins had
been most thoroughly characterized. However, when attempting to use in situ hybridization
to examine the expression of the two Sema1a variants in embryonic and, later, adult
nervous system tissue, we were unable to visualize any staining indicating Extavour
Sema1a expression. There are several reasons we may have observed these results. First,
there may be no expression of Extavour Sema1a in G. bimaculatus embryos. Extavour
Sema1a may be a pseudogene that is not actively expressed, although our ability to amplify
segments from the putative Extavour Sema1a sequence using cDNA templates derived
from embryos and ganglia suggests that transcripts of Extavour Sema1a likely exist in these
contexts. Additionally, although these PCR reactions yielded products of the expected size,
we have not yet fully confirmed the Extavour Sema1a sequence by cloning, and thus we
cannot definitively assert the validity or accuracy of our proposed sequence. It is possible
that the sequence we have named Extavour Sema1a does not exist in G. bimaculatus, and
that our putative assembled sequence is the result of an admixture of Horch Sema1a and
Sema1b, both of which have been confirmed to exist in G. bimaculatus.
However, it seems more likely that a number of technical factors may have
impacted the efficacy of the probe, rather than a true absence of Extavour Sema1a or its
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expression. We have reason to believe that our putative Extavour SEMA1a sequence is
legitimate, given that the protein sequence shares an 83.6% pairwise identity with a wellcharacterized SEMA1a sequence in Schistocerca americana. As discussed above, it is
unlikely that Extavour Sema1a is expressed neither in the stage 8 embryos nor in
prothoracic ganglia. Portions of the Extavour Sema1a sequence were able to be amplified
from combined ganglia and embryonic cDNA during the process of cloning Extavour
Sema1a; this implies that Extavour Sema1a mRNA is expressed in one or both of these
tissues. The total absence of Sema1a from stage 8 limb buds would be very surprising;
based on previous work within the Orthoptera order, we had expected Sema1a and Sema2a
to both be expressed within the developing limb bud (Isbister et al. 1999). Given the
confirmed absence of Horch Sema1a expression in the stage 8 limb buds, we would predict
that Extavour Sema1a would be expressed somewhere within this tissue, likely in
circumferential bands but potentially in a chemotropic gradient similar to that observed for
Sema2a expression at 30% development in the grasshopper (Isbister et al. 1999).
Since we suspect that Extavour Sema1a is expressed within the developing limb
buds, we suggest that the absence of visible Extavour Sema1a expression in embryos is the
result of a technical error in probe design. In fact, there is some indication that the chosen
Extavour Sema1a probe sequence may not been an optimal nucleotide sequence for use as
an antisense probe. Difficulties encountered during the probe synthesis process shed some
light on the potential issues with the Extavour Sema1a probe RNA sequence. The low yield
from the synthesis reaction of the Extavour Sema1a probes could potentially be related to
the very low GC content of the gBlock template. The template for synthesizing Extavour
Sema1a antisense probes has a 33.14% GC content, whereas the templates for Horch
Sema1a and Sema2a probes have a GC content of 50.19% and 47.11% respectively.
Templates of both unusually low and high GC content are known to be difficult to amplify
using PCR, due to the propensity of these templates to form secondary structures such as
hairpins (Guido et al. 2016). The low yield may be an indication that the Extavour Sema1a
sequence is in fact forming such secondary structures, since this would potentially obstruct
some access of T7 RNA polymerase to the template. The low yield was accounted for in
adding 100 ng of probe to each Watson Preservation Plate, and we have confirmed with an
RNA dot blot that a sufficient concentration of DIG-labeled RNA existed on each
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Preservation Plate to produce visible staining, so an issue with probe concentration itself is
unlikely to be responsible for the lack of visible Extavour Sema1a expression.
However, due to high AT content, it is possible that Extavour Sema1a RNA probes
are forming unexpected secondary structures such as hairpins during hybridization, which is
preventing the probes from binding to complementary mRNA in the tissue. If this were the
case, we would expect that the presence of DIG-labeled RNA would still produce a stain on
an RNA dot blot, since probes would not need to bind to any substrate to remain on the
blot; however, during the in situ protocol, unbound probes would be washed away during
post-hybridization steps. The most appropriate way to test whether Extavour Sema1a
probes can specifically bind to Extavour Sema1a nucleotide sequence would be to perform
a Southern blot using the gBlock templates which were used to synthesize the RNA probes,
and assess whether Extavour Sema1a probe solution produces specific staining only one the
band where Extavour Sema1a gBlock sequence was run. Identical concurrent assays with
Horch Sema1a and Sema2a probe solutions could be run to confirm specific binding of
each of these probes to their respective nucleotide sequence. Additionally, the intensity of
staining produced by hybridization of each of these probes to the gBlock sequence could be
compared in order to determine whether equal concentration of probe and transcript for
each sequence is expected to produce equal intensity of staining in situ.
There may also be an issue with the way the Extavour Sema1a sequence itself was
assembled. Contigs from Harris Fisher’s adult nervous system transcriptome that shared
identity with Sema1a sequences from the ASGARD transcriptome were aligned and
assembled. However, given the approximately 50% identity between Horch Sema1a and
Extavour Sema1a, there is some chance that some of the returned contigs, especially the
ones that contained portions of the SEMA domain, in fact belonged to Horch Sema1a and
not to Extavour Sema1a. In order to remedy this issue, BLAST should be used to match the
nucleotide sequence of Horch Sema1a to the reference transcriptome. All contigs which are
returned for both Horch Sema1a and the ASGARD isotigs should be discarded, and only
the contigs unique to the ASGARD isotigs should be used to re-assemble Extavour Sema1a.
This new Extavour Sema1a sequence can then be compared against the Extavour Sema1a
used to make the probes in these experiments, taking particular note of the 3’ UTR regions,
against which these probes were designed.
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As previously discussed, the high degree of shared identity between Extavour
SEMA1a and well-characterized Schistocerca SEMA1a indicates that the Extavour
SEMA1a sequence likely contains large portions of a legitimate homolog of Schistocerca
SEMA1a, rather than simply being an amalgamation of various other SEMA1 sequences.
On this basis, the results of the phylogenetic analysis are likely still accurate. However,
since the above pairwise identities are between protein sequences, it is still possible that the
3’ untranslated region in the Extavour Sema1a nucleotide sequence is misaligned. The fact
that the Extavour Sema1a probes did not produce the same staining pattern as Horch
Sema1a indicates that they are not non-specifically binding to Horch Sema1a mRNA. Thus,
it could be the case that the 3’ UTR of the Extavour Sema1a sequence either lacks a small
section of sequence due to an error in assembling the contigs into the full nucleotide
sequence, or contains a small piece of Horch Sema1a sequence with the 3’ UTR due to the
return of contigs from the initial analysis which belonged to both Horch Sema1a and
Extavour Sema1a. This would imply that the probe, which at 500 base pairs is long enough
to encompass a 200 bp contig, would be neither similar enough to Horch Sema1a nor to
Extavour Sema1a to bind to either.
Expression of Horch Sema1a and Sema2a during development
We next asked how patterns of expression of Horch Sema1a interacted with patterns
of expression of Sema2a in the developing embryo, and whether these patterns of
expression differed from those observed in Schistocerca. Given that the expression pattern
of Sema2a is well-characterized in G. bimaculatus embryos and adult mushroom bodies,
the observation of Sema2a expression patterns that match the results of Maynard et al.
(2007) was regarded as a positive control for the efficacy of the in situ hybridization
protocol. Positive controls can account for both the duration of the staining reaction – to
ensure that the tissue is not over-reacted – and for nonspecific binding or pooling of probe
in a certain area in the tissue. The antisense Sema2a probe fulfilled both of these functions.
Because the pattern of Sema2a expression had already been thoroughly documented
(Maynard et al. 2007; Low 2013), we knew which areas of the tissue, such as the limb buds,
were expected to show the darkest staining, and could stop the reaction when staining in
these areas was nearly black. Our understanding of the expected pattern of Sema2a
expression allowed us to recognize unexpected staining in important regions, which we
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thereby knew to discount in all samples as nonspecific staining. However, since Maynard et
al. (2007) did not explicitly assess the specificity of Sema2a probes for Sema2a nucleotide
sequence, a comparison with their observed pattern represents an imperfect control.
In order to better assess the specificity of our probes, and confirm that the patterns
of expression we observe are the result solely of the expression of the transcript of interest,
it would be valuable to perform a Southern blot assay, as described above, for each of the
three sequences of interest. This would confirm that our synthesized probes hybridize only
with the known target sequence against which they were designed. This method is not
perfect: the specific binding of probes to a nucleotide sequence on a gel does not guarantee
specific binding in situ, where the probes will be exposed to a significantly wider variation
of transcripts than just the three gBlock sequences on the gel. However, in addition to
specificity information, Southern blot assays would provide information about whether
each probe produces staining of equal intensity when applied at the same concentration to
an equivalent amount of target sequence.
In addition, it would be useful to perform controls for both general transcriptional
activity, to ensure that probes are not being caught in areas with a generally high
concentration of mRNA transcripts, as well as for the expected staining intensity of a
ubiquitously expressed transcript, to provide a baseline intensity against which to compare
both Horch Sema1a and Sema2a staining intensity. For these assays, probes against
ribosomal RNA and Actin can be used, respectively. Such assays would also have the added
benefit of providing information about the quality of mRNA within our samples – if mRNA
has degraded within a certain area, we would expect to see an absence of staining
representing Actin expression in that area. Until these assays are performed, we cannot
definitively assert that our comparisons of staining intensity between Sema1a-hybridized
tissues and Sema2a-hybridized tissues accurately reflect differences in the level of mRNA
expression, since they may also be due to inherent differences in the intensity of staining
produced by probe, and since we do not have an internal standard of “normal” staining
intensity against which to compare each tissue. Nor can we be certain that areas where we
observe colocalized Horch Sema1a and Sema2a staining are the result of specific binding of
both Sema1a and Sema2a probes, since we are not certain that the probes bind specifically,
nor whether the area of colocalized expression is also an area of especially high
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transcriptional activity, prompting probe trapping. Nevertheless, we here provide
preliminary data, as well as interpretation of these results, should the observed pattern be
more conclusively confirmed.
First, we note that Sema2a was not expressed in a gradient beginning at the distal tip
of the limb bud at approximately 30% development in crickets (Fig. 7G-7I), as observed at
30% and 33% development in grasshoppers in the in situ hybridization performed by
Isbister et al. (1999). Instead, stage 8 embryos demonstrated a single band of Sema2a
expression near the trochanter, with a spot at the distal tip (Fig. 7I), recapitulating the
expression pattern observed by Maynard et al. (2007) and confirming that in G.
bimaculatus, Sema2a likely plays a role in chemotactic guidance of developing neurons.
However, this role may differ between grasshoppers and crickets at this particular stage. In
order to make accurate comparisons between stages of development in crickets and
grasshoppers, we calculated percentage development in crickets. Stage 8 occurs at
approximately 30% G. bimaculatus development, based on the information that eggs hatch
at about 14 days, and that egg stage 9 correlates with embryo stage 7.5 to 8.5, and occurs
from 4.0 to 4.5 days after egg-laying, a period represents 30% of the total time from
fertilization to hatching (Donoughe and Extavour 2016). By stage 9 (egg stage 12, embryo
stage 8.7 to 9.0, occurring 5 to 5.5 days after egg-laying), we would expect to see multiple
bands of Sema2a expression at the distal tip, tibia, and femur, as seen at 38% of
development in grasshoppers (Isbister et al. 1999) and in crickets (Maynard et al. 2007).
The similarity between these reported Sema2a expression patterns in the two species
suggests that the role of Sema2a may re-converge at a slightly later stage.
Strikingly, we did not observe any expression of Horch Sema1a within the
developing limb bud (Fig. 7D-7F) Although neither Maynard et al. (2007) nor Isbister et al.
(1999) conducted in situ hybridization experiments with Sema1a, we would expect, based
on immunohistochemical analysis performed by Isbister et al. (1999) that Sema1a would be
expressed in a circumferential band near the trochanter around 32% development (see Fig.
1C). However, rather than a chemorepulsive gradient of Sema2a expression and a
circumferential band of SEMA1a (and presumably Sema1a) at the trochanter at 32% of
development (Isbister et al. 1999), we see an absence of Horch Sema1a expression and a
distinct band of Sema2a expression at the trochanter at 30% of development. This
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grasshopper SEMA2a protein gradient is a chemorepulsive signal that directs growth cone
pathfinding, ensures extension towards the central nervous system, and maintains axon
fasciculation; the SEMA1a band at the trochanter directs the growth cone of the tibial
pioneer neuron towards the guidepost cell Cx1, which further orients it toward the central
nervous system (Isbister et al. 1999).
In our own results, we cannot discount the possibility that a gradient of secreted
SEMA2a protein exists which is not reflected in the pattern of Sema2a mRNA expression,
but since Isbister et al. (1999) observe both a Sema2a mRNA gradient and a SEMA2a
protein gradient at 30% and 32% development respectively, we would expect a potential
SEMA2a protein gradient to be visible at the level of mRNA expression as well. Our failure
to observe such a Sema2a gradient, along with the presence of the Sema2a band at the
trochanter (Fig. 7I), suggests that perhaps Sema1a and Sema2a are localized to areas in the
developing cricket which are opposite relative to the areas of Sema1a and Sema2a
localization in the developing grasshopper. Functionally, an exchange in location of
expression between Sema1a and Sema2a is plausible. Both Sema1a and Sema2a have been
shown to act as chemorepellants during development (Isbister et al. 1999; Komiyama et al.
2007), and in fact a chemorepellant gradient of Sema1a functions to direct targeting of
dendrites to specific glomeruli within the Drosophila antennal lobe (Komiyama et al.
2007). It is possible that a chemorepellant gradient of Sema1a directs tibial pioneer neurons
towards another chemorepellant band of Sema2a at the trochanter, which re-directs the
pioneer neuron toward the Cx1 guidepost cell. This would not preclude the expression of
Sema1a and Sema2a in complementary bands at later stages in development, since the
multiple bands of Sema2a expression observed by Maynard et al. (2007) at stage 9 very
closely match the localization of the multiple bands of Sema2a expression observed by
Isbister et al. (1999) at 38% of development.
As discussed above, the absence of Sema1a expression in the limb buds of the stage
8 G. bimaculatus embryos suggests a potential divergence in developmental semaphorin
expression between the cricket and the grasshopper. We suggest that perhaps, at an early
stage in development, Sema1a and Sema2a switch roles relative to their roles in
grasshopper development; by this hypothesis, we would expect to see a repulsive gradient
of Sema1a at 30% development along with the band of Sema2a at the trochanter. However,
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we observe no such gradient. This may be explained by considering that Gryllus Horch
SEMA1a shares only 50.7% identity with Schistocerca (American grasshopper) SEMA1a,
while Extavour SEMA1a shares an 83.6% pairwise identity with Schistocerca SEMA1a.
Thus, it is possible that Extavour Sema1a is expressed in a chemorepulsive gradient in the
stage 8 limb bud, and that the failure of the Extavour Sema1a probes prevented us from
observing it. In fact, considering that Sema1a is necessary for axon guidance in the
developing Drosophila central nervous system (Yu et al. 1998), it may be the case that
Horch SEMA1a, which is more similar to Drosophila SEMA1a than is Extavour SEMA1a
(Fig. 5A, Table 3), is associated with guidance in the developing Gryllus central nervous
system (Fig. 7E), while Extavour SEMA1a is associated with guidance in the peripheral
nervous system and limb buds. In the near future, we will redesign the Extavour Sema1a
probes and test this hypothesis by performing in situ hybridization experiments with a range
of stages of embryos.
The role of Horch Sema1a in the limb bud, however, cannot be entirely discounted.
The results of Dennis Zambrano’s dsRNA inhibition of Horch Sema1a expression, which
demonstrated distal growth of the tibial pioneer neuron in one sample, suggest that Horch
Sema1a is interacting in the limb bud with the tibial pioneer neuron. This is surprising,
since we see no Horch Sema1a expression within the limb bud. We hypothesize that Horch
Sema1a may be expressed only within the tibial pioneer neuron itself, where it facilitates
attractive signaling between axons in order to maintain fasciculation, as reported in the case
of signaling between Drosophila photoreceptor axons (L. Yu et al. 2010). This small
amount of expression may not be able to be visualized by our whole-mount in situ
hybridization technique. In order to test these hypotheses and more fully characterize
semaphorin expression in G. bimaculatus during development, we intend to re-design
antisense probes against Extavour Sema1a, and use in situ hybridization to investigate the
expression of Horch Sema1a, Extavour Sema1a, and Sema2a in more embryonic stages,
from stages 7.2 (23% development) to 10 (41% development).
Expression of Horch Sema1a and Sema2a in the adult brain
With the consideration that Horch Sema1a and Sema2a do not appear to interact in
an obvious way with regard to guidance of the tibial pioneer neuron in the limb bud, we
turned to an examination of the adult mushroom bodies to assess semaphorin expression in
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an area of sustained plasticity within the adult nervous system. Here, we instead see
colocalization of Horch Sema1a and Sema2a expression (Figure 10), suggesting a possible
interaction between Horch SEMA1a and SEMA2a in the context of the adult nervous
system. The results of in situ hybridization with Sema2a in the adult mushroom bodies
closely recapitulated the patterns of expression reported by Maynard et al. (2007) and Low
(2013). We observe strong, specific expression around the edges of the neurogenic region
(Fig. 10B), which is the proliferative area at the apex of the mushroom bodies from which
new cells are born. It was previously postulated that this Sema2a expression may act to
repel newly-formed Kenyon cells away from the neurogenic region at the apex and toward
the calyx, pedunculus, and lobes, where the new neurons can form synapses (Maynard et al.
2007).
The slightly more diffuse Sema2a staining of the mushroom bodies outside the
neurogenic region is localized in the population of Kenyon cell bodies above the calyx (Fig.
10D). Kenyon cells, as the intrinsic mushroom body neurons, send dendritic arbors inward
to form the calyx, where these dendrites receive input from sensory interneurons. From the
calyx, Kenyon cell axonal fibers extend anteriorly via the pedunculus to reach the
protocerebrum (Stocker et al. 1990). Maynard et al. (2007) suggest that the expression of
Sema2a in the Kenyon cells may aid in maintaining synapse fidelity in this area of high
plasticity. It also seems possible that the other observed patterns of Sema2a expression,
such as the vertical band that divides the calyx (Fig. 10D), may serve plasticity-related
functions in guiding new Kenyon cell dendrites down a specific path and into the calyx.
The function of the Sema2a expressed in a thin horizontal band along the pars
intercerebralis is unclear (Fig. 10D), since this region is not generally associated with
plasticity: the pars intercerebralis is known to contain neurosecretory cells and to
coordinate signaling between the circadian pacemaker and various rhythmic behavioral
outputs, including locomotion and stridulation, in Teleogryllus (Sokolove and Loher 1975).
Although the pattern of expression of Sema1a in the adult brain closely mirrored the
pattern of expression of Sema2a (Fig. 10A, 10C), there are a few notable differences. First,
there is not stronger expression of Sema1a in the neurogenic region specifically, relative to
the rest of the mushroom bodies (Fig. 10A), suggesting that Sema1a is not directly involved
in the direction of newly-born Kenyon cells. Instead, there is widely-spread diffuse
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expression of Sema1a across the entire region of Kenyon cell bodies; this expression seems
to extend slightly farther than the expression of Sema2a. The pattern of Sema2a expression
described above, with a vertical band of semaphorin expression dividing the center of the
calyx and a horizontal band of expression along the pars intercerebralis, is recapitulated in
Sema1a (Fig. 10C). The expression of Sema1a in these regions outside the Kenyon cells
appears to be stronger than the expression of Sema2a in the equivalent regions. One
potential explanation for the fainter expression of Sema2a as compared to Sema1a is the
diffusible nature of Sema2a, which does not need to be expressed in every cell in order to
have widespread effects. Sema1a, in contrast, is membrane-bound, and thus must be
expressed in every individual cell in order to interact with other signaling molecules,
leading a larger and stronger visible area of expression.
The colocalization of Sema1a and Sema2a in these areas suggests possible
complementary functions. It could be the case, as in the case of the patterning of the
Drosophila antennal lobe (Sweeney et al. 2011), that SEMA2a acts as a receptor for
SEMA1a in order to facilitate a repulsive interaction. By this hypothesis, new Kenyon cells
may also express SEMA1a in order to interact repulsively with SEMA2a in the neurogenic
region, although SEMA2a-PlexinB interactions have been shown to be important for axon
pathfinding in the developing central nervous system of Drosophila (Ayoob et al. 2006).
Since plexins are not involved in mediating the signaling interactions between SEMA1a
and SEMA2a (Sweeney et al. 2011), it is plausible that SEMA2a-PlexinB interactions could
guide projections from newly-born Kenyon cells towards the calyx, while SEMA2aSEMA1a interactions could mediate synaptic plasticity between Kenyon cells already
established within the mushroom bodies. The lack of Horch Sema1a and Sema2a within the
calyx itself may indicate that Sema1a and Sema2a are both transcribed and translated
within the Kenyon cell bodies at the top of the mushroom bodies, before being transported
as protein to the dendrites or axons within the calyx and pedunculus respectively.
Expression of Horch Sema1a and Sema2a in thoracic ganglia
As in the mushroom bodies, where plasticity is maintained throughout adulthood,
expression of Sema1a and Sema2a was strongly colocalized within the non-deafferented
prothoracic ganglia (Figure 11), an area of conditional, injury-induced plasticity within the
central nervous system. In the prothoracic ganglia, we observed a pattern of Sema2a
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expression that, as also reported in Low (2013), included a horizontal band of expression
across the anterior ventral side of the ganglia; however, we expand upon those results to
show an additional horizontal band of expression across the posterior side (Fig. 11C). This
pattern is specific to the ventral side; the dorsal side shows only minimal staining in the
anterior and posterior right and left corners (Fig. 11D). Horch Sema1a expression occurs in
the same areas, but its expression is markedly stronger; distinct cell bodies are visible on
the anterior ventral side of the prothoracic ganglia (Fig. 11A). In my proposed model, I had
hypothesized that SEMA1a may be expressed in the dendrites of AN-1 and AN-2 neurons,
which grow up to the midline. These in situ hybridization results are consistent with that
hypothesis, since the AN-1 and AN-2 cell bodies are located at the anterior of the
prothoracic ganglia, but there are clearly multiple Sema1a-expressing cell bodies in this
location. Other cells within the prothoracic ganglia which may express Sema1a include the
other auditory interneurons, ON1, ON2, DN1, and TN1, which have cell bodies near the
anterior of the prothoracic ganglia (Wohlers and Huber 1985), as well as sensory
interneurons which receive signals from the subgenual organ, sensory hairs, and
campaniform sensilla (Eibl and Huber 1979). The widespread expression of Sema1a is
intriguing for considering the potential responses to deafferentation; if a downregulation of
Sema1a permits dendritic rearrangement, it would be interesting to assess whether other
interneurons which express Sema1a, in addition to AN-1 and AN-2, exhibit changes in
dendrite structure upon deafferentation.
As first described in Low (2013), we observed the presence of two distinct, adjacent
cell bodies strongly expressing Sema2a at the anterior of the prothoracic ganglia (Figure
12). Low (2013) reported these Sema2a-expressing cell bodies only following 12, 18, or 24
hours of deafferentation; differences in the detection of these spots may be due to
differences in probe sensitivity, and had we analyzed deafferented tissue in this study, we
may have seen a similar upregulation of Sema2a expression in these cell bodies from the
non-deafferented baseline. The suggestion of the active expression of Sema2a as well as
Sema1a in what may be the AN-1 and AN-2 cell bodies in non-deafferented conditions is
interesting. Rather than PlexinA-SEMA1a signaling mediating repulsion at the ganglia
midline, one possible suggestion is that each AN-1 and AN-2 cell expresses SEMA1a and
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secretes SEMA2a, so that each interneuron reciprocally inhibits its contralateral partner
from crossing the midline via repulsive SEMA1a –SEMA2a receptor-ligand signaling.
The observed pattern of Sema2a and Sema1a expression in anterior and posterior
horizontal bands was not unique to the prothoracic ganglion, with the expression pattern of
both semaphorin transcripts in the mesothoracic ganglion closely mimicking that in the
prothoracic (Figure 13). Although sample size is low (n = 2), we observe a trend towards
greater staining of the midline in the mesothoracic ganglia than in the prothoracic ganglia.
The primary difference between the prothoracic and mesothoracic ganglia is the presence of
sensory afferents in the prothoracic ganglia from the complex tympanal organ in the tibia.
Consisting of an array of tonotopically organized receptor cells, termed the auditory crista
acustica, together with the subgenual organ and the tracheal organ (reviewed in Meier and
Reichert 1990), the complex tympanal organ in the foreleg is distinguished from the
chordotonal organ, which is present in all six legs, by its transduction of auditory signals.
The chordotonal organ is a mechanoreceptor which projects afferent sensory neurons onto
all three thoracic ganglia (Eibl and Huber 1979). It is sensitive to vibration and thereby may
aid in the detection of sound, as insect sound production often generates an acoustic as well
as a vibratory component (reviewed in Strauß et al. 2014).
The localization of Horch Sema1a and Sema2a towards the midline in mesothoracic
ganglia (Fig. 13A, 13C) may be an indication of some latent plasticity in the mesothoracic
ganglia, since the active expression of guidance molecules implies the possibility that
neuronal structure is being actively regulated, and plasticity is thereby able to be
conditionally activated by changes in regulation. However, the greater expression of
semaphorins in the mesothoracic ganglia relative to the prothoracic ganglia may imply that
the mesothoracic ganglia is not capable of the same kind of dramatic structural
rearrangements as the prothoracic ganglia. It is the case that downregulation of semaphorins
is associated with the promotion of structural plasticity in the prothoracic ganglia, and thus
a higher expression of semaphorins “at rest” or prior to injury may suggest a greater barrier
to reducing semaphorin expression to the degree needed to promote plasticity. This would
seem to be in agreement with the greater evolutionary pressure on the auditory system
within prothoracic ganglia to be able to rapidly structurally and functionally respond to
injury: unlike mechanosensory signals which are received by the mesothoracic ganglia,
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auditory signaling in the prothoracic ganglia is vital for detection of potential mates and
successful reproduction, and is entirely dependent on the four AN-1 and AN-2 cells to relay
these auditory impulses to the brain.
The metathoracic ganglion is distinct from the prothoracic and mesothoracic
ganglion for its role in the generation of the species-specific songs that male crickets use to
attract females. Although in G. bimaculatus the mesothoracic ganglion contains the motor
neurons for song-creating wing movements, the central pattern generator (CPG) motor
impulses related to singing spans from the metathoracic to the first unfused abdominal
ganglion (Schöneich and Hedwig 2011). Specifically, the dorsal midline neuropile of the
metathoracic ganglia, consisting of neuromeres T3, A1, and A2, along with neuromere A3
in the most anterior abdominal ganglia are identified as the primary singing CPG
interneurons (Schöneich and Hedwig 2012) (Figure 15). Interestingly, the posterior band of
Horch Sema1a expression within the metathoracic ganglia appears to be localized along
axonal projections of neurons associated with T3 and A1 neuromeres (Figure 14A, 14C).
These axonal projects extend toward the midline. Sema2a is colocalized in the same area as
Sema1a, although its expression is weaker and more restricted, as in the prothoracic and
mesothoracic ganglia. The expression of semaphorin transcripts in the same approximate
location as the singing CPG is intriguing, and may be indicative of the active regulation of
synaptic strength or dendritic structures, again implying the potential for plasticity. The
notable midline Sema1a expression in the metathoracic ganglion aligns with the vertical
orientation of the CPG, suggesting perhaps not the potential for midline crossing, as in the
case of lateralized sensory afferents, but potential adjustment of synaptic connections
within the CPG.
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Figure 15. Adapted from Schöneich and Hedwig (2012). The
CPG for singing-related motor impulses is located in the
metathoracic and first abdominal ganglia. The axonal
projections which are associated with neuromeres T3 and A1
within the metathoracic ganglia are located in approximately the
same area where we previously noted strong Horch Sema1a
expression, as well as weaker Sema2a expression (see Fig. 14A,
14C). This suggests a possible role for Horch Sema1a and
Sema2a in association with the singing CPG, potentially in
modulating synapse formation and strength.

FUTURE DIRECTIONS
First, in order to validate the results of our phylogenetic analysis and confirm that
within the G. bimaculatus system, Horch Sema1a and Extavour Sema1a are the products of
two different genes, we could perform an assay with a DNA restriction enzyme. Extracted
DNA from G. bimacultus would be cut into small segments by the enzyme and run out on a
DNA gel in order to separate the segments by size. Using our RNA probes, we could assess
whether Extavour Sema1a and Horch Sema1a probes produce two different bands on the
gel, indicating DNA sequences found at two different locations within the genome.
Next, as previously discussed, we are interested in characterizing the expression of
Extavour Sema1a, Horch Sema1a, and Sema2a in multiple stages of the developing embryo
as the tibial pioneer neuron grows in towards the central nervous system. Since we have not
observed any expression of Sema1a in the limb buds during stage 8 of embryonic
development, we are interested in investigating whether Horch Sema1a is expressed in the
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developing limb bud at stages of development before or after stage 8, since it is possible
that we have overlooked its window of expression. We will also determine whether
Extavour Sema1a is expressed in a gradient during stage 8 as well as what its patterns of
expression are at other stages, and how those patterns relate to the patterns of SEMA1a
expression observed in Schistocerca, the closest homolog of Extavour SEMA1a. Since we
have not yet observed the pattern of multiple circumferential bands of alternating Sema1a
and Sema2a that is predicted to occur at slightly later stages, we intend to investigate the
presence of this pattern in stage 8.5 to 9 embryos, and will determine whether Horch
Sema1a or Extavour Sema1a makes up these bands. From these in situ hybridization data,
we may be able to draw conclusions about differences in the ways that Horch SEMA1a and
Extavour SEMA1a interact with the developing tibial pioneer neuron, with SEMA2a, and
with each other.
Since we are still uncertain whether Extavour Sema1a is expressed in the adult
prothoracic ganglia, it will be important to next investigate whether Extavour Sema1a
transcripts are found in non-deafferented prothoracic ganglia, whether their localization
overlaps with that of Horch Sema1a and Sema2a, and where they are expressed to a lesser
or greater degree than the other semaphorins. Next, we will use in situ hybridization to
assess the change in semaphorin expression that is correlated with the response in the
prothoracic ganglia to deafferentation. Following Low (2013), we will examine the pattern
of Sema1a expression at 12 hours, 18 hours, 24 hours, 30 hours, and five days postdeafferentation. Although the expression of Extavour Sema1a was not originally identified
as a differentially regulated following deafferentation (H. W. Horch et al. 2009), potential
subtle changes in its expression in the deafferented prothoracic ganglia should not be
overlooked, especially if patterns of its expression are found to diverge from those of Horch
Sema1a in the embryonic context.
In the same vein, we intend to characterize Extavour Sema1a expression within the
mushroom bodies of the adult brain. If the expression of Horch Sema1a and Extavour
Sema1a are found to differ within the prothoracic ganglia – if, for example, Horch Sema1a
is expressed in the prothoracic ganglia and Extavour Sema1a is not – it will be interesting to
explore whether the same relationship holds true in the brain. It is possible that even if only
Horch Sema1a is expressed in the prothoracic ganglia, both Horch Sema1a and Extavour
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Sema1a may still be expressed within the brain. The mushroom bodies exhibit continual
plasticity, while the prothoracic ganglia only display conditional plasticity following
sensory deafferentation; this difference in intrinsic plasticity may be reflected in the
expression of semaphorin transcripts and Sema1a variants specifically.
This work can then be expanded in a number of directions. Following the
completion of work with in situ hybridization to characterize semaphorin expression in the
prothoracic ganglia following deafferentation, immunohistochemistry (IHC) should be
performed to assess the accuracy of the model proposed in Fig. 2. We have reported Horch
Sema1a and Sema2a expression in the non-deafferented prothoracic ganglion, potentially
within the soma of AN-1 and AN-2 neurons; it would be interesting to use IHC to assess
whether Horch SEMA1a as well as PlexinA is expressed at the midline of the ganglia prior
to deafferentation in order to prevent midline crossing. In addition, it would be useful to
perform ICH against SEMA2a in non-deafferented ganglia, in order to determine whether
the hypothesized repulsive SEMA1a signaling at the ganglia midline is mediated by binding
to PlexinA or to SEMA2a. This could be followed by additional IHC experiments at regular
intervals after deafferentation, in order to understand where the potential fluctuations in
expression of Horch Sema1a, Sema2a, and potentially Extavour Sema1a mRNA are having
a functional effect.
Finally, in order to further characterize the expression of Sema1a in areas of high
plasticity in the G. bimaculatus system, it would also be useful to more carefully assess the
developmental localization and function of Horch and Extavour Sema1a in the embryonic
mushroom bodies. Our data suggest the general expression of Horch Sema1a and Sema2a
in the vicinity of the developing mushroom bodies, but extraction and analysis of individual
embryonic brains would enable us to make fairly direct comparisons between semaphorin
in the developing CNS and the mature, though still plastic, CNS. Sema2a has been shown
to be expressed in nearly identical areas in the developing and adult mushroom bodies:
within the newborn Kenyon cells. This suggests a continuity of function from the
developmental to the adult context, potentially in guiding newly-formed Kenyon cells away
from the neurogenic region and toward the other structures of the mushroom bodies, where
synapse formation can occur (Maynard et al. 2007). An equivalent similarity between the
localization of Horch Sema1a in the embryonic and adult mushroom bodies would suggest
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that developmental role of Horch SEMA1a with the embryonic central nervous system may
accurately predict the role of Horch SEMA1a in mediating plasticity in the adult central
nervous system. It would also be interesting to investigate whether either Extavour or
Horch Sema1a is preferentially expressed in the adult or embryonic mushroom bodies, that
is, whether one Sema1a variant is associated with developmental neuronal guidance, and
the other with adult plasticity-associated guidance.
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APPENDIX: Color Images in Black and White

Figure 1. Adapted from Isbister et al. (1999). Immunohistochemical double-labeling of
SEMA2a (green) and SEMA1a (red) in the limb bud of a grasshopper embryo at 32%
(1C), 35% (1D), and 38% (1E) development. Arrowheads demarcate limb segment
boundaries: Ta, tarsus; Ti, tibia; Fe, femur; Tr, trochanter. At 38% development (1E),
bands of expression are discrete, suggesting the independent signaling of SEMA2a and
SEMA1a on the growth cone, rather than the use of SEMA2a as a ligand for SEMA1a.

A

B
A

Figure 2. The proposed model of molecular expression in the prothoracic ganglion; (A)
shows the ganglion prior to deafferentation, where the dendrites of AN-1 neurons (blue
and green) each express SEMA1a (red) as well as cell adhesion molecules (purple). The
CAMs on AN-1 and AN-2 dendrites mediate an attractive interaction with the CAMs
expressed at the midline, while SEMA1a mediates a repulsive interaction with PlexinA
(orange) expressed at the midline. Following deafferentation, shown in (B), the green AN1 neuron exhibits a downregulation of SEMA1a, allowing it to sprout across the midline
due to the interaction between dendritic CAMs and midline CAMs. Following contact
with the axon terminals on the left side, the green AN-1 will again upregulate SEMA1a in
order to promote synapse formation.
!
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Antisense probe
5’ UTR

SEMA domain

Plexin domain

Ig domain

3’ UTR

Figure 3. Schematic of antisense probe placement within the target mRNA sequence. We avoided
designing probes against the SEMA domain, as this is a region of higher identity between semaphorin
transcripts, and may lead to non-specific binding. Instead, the C-terminus was targeted, often
encompassing the 3’ untranslated region and probable Ig domain.

Figure 4. ASGARD Sema1a isotigs GFJY65E02G9CD4, GFJY65E01BF0U0, GFCP6CO01BQEFC, and
GFJY65E01DBS1N assembled to one contig, named “Extavour Sema1a.” ASGARD isotigs are 378, 343,
312, and 297 base pairs long respectively, while the Extavour Sema1a contig is 5,437 base pairs long.
There is a 99.0% pairwise identity between the ASGARD isotigs and Extavour Sema1a.
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Figure 5. (A)
Phylogenetic tree of G.
bimaculatus semaphorin
proteins and several
closely related species.
Extavour and Horch
SEMA1a are distinct
from each other,
although both are highly
similar to SEMA1a
proteins in other species.
Like Gryllus,
Zootermopsis,
Clastoptera, Athalia,
Apis, and Bombyx have
two variants of
SEMA1a, one of which
closely matches
Extavour SEMA1a while
the other matches Horch
SEMA1a. Of all the
species showing paired
SEMA1a proteins,
Zootermopsis SEMA1a
is most closely related to
Gryllus SEMA1a,
although the singular
Schistocerca SEMA1a is
closer to Extavour
SEMA1a than any other
species. Tree assembled
using Geneious software
version10.1.3 (B) Figure
showing hexapod
phylogeny adapted from
Misof et al. (2014).
Orthoptera are marked
with an orange star; all
genera where species
with paired SEMA1a
variants are found are
marked with a red star
(Isoptera, Hemiptera,
Lepidoptera,
Hymenoptera (Apis and
Athalia)) while all
genera containing
species with a single
SEMA1a sequence that
best matched Horch or
Extavour SEMA1a are
marked with a purple
star (Psocodea,
Coleoptera, Diptera,
Hymenoptera
(Tribolium)).
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Figure 7. Horch Sema1a and Sema2a are expressed at the midline, but there is an absence of Sema1a expression in the
limb buds. Representative samples of expression of Extavour Sema1a (A, B, and C), Horch Sema1a (D, E, and F),
and Sema2a (G, H, and I) in stage 7.5 to 8.0 G. bimaculatus embryos. There was no visible staining in embryos
hybridized with Extavour Sema1a probes (B) (n = 17). Horch Sema1a was strongly expressed in the midline cells (E)
and in the distal third of the tail (D), but there was no visible expression anywhere within the limb buds (F) (n = 14).
Sema2a showed similar expression in the midline cells (H), along with a sharp band of circumferential expression in
the center of the limb bud (H) (black arrow) and a small area of concentrated expression at the distal tip of the limb
bud (I) (white arrow) (n = 16). All micrographs taken using a Zeiss Axioskop 2 Plus compound microscope with LAS
Core V4.6 software set to the same parameters for contrast and brightness.

Figure 8. Developmental expression of semaphorin transcripts in the embryonic brain. Both Horch Sema1a
(A) and Sema2a (B) are expressed in the region where the brain is forming in stage 7.5 to 8.0 G.
bimaculatus embryos, and the pattern and intensity of staining suggests that there may be a higher degree of
expression specifically at points where the mushroom bodies are developing (black arrows).
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200 pg/µL

100 pg/µL

10 pg/µL

1 pg/µL
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Horch Sema1a

Sema2a

Figure 9. Preservation Plates contain a sufficient quantity of DIG-labeled RNA to produce staining. Probe
samples for Extavour Sema1a, Horch Sema1a, and Sema2a from Watson Preservation Plates were
suspended at a concentration of 1,000 pg/µL, ten times the experimental concentration. These samples
were then diluted 2:10, 1:10, 1:100, and 1:1000 in RNA Dilution Buffer, and 1 µL of each concentration
was applied to a nitrocellulose membrane. Application of a staining solution produced visible staining at
all concentrations for all probes, indicating that a sufficient quantity of DIG-labeled RNA is present on
each plate to produce a visible stain experimentally. The absence of obvious differences in staining
intensity along the concentration gradient likely indicates that the blot was over-reacted; however, the
results are still a reliable measure of the presence of RNA.
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Figure 10. Expression of Horch Sema1a and Sema2a in the adult brains of G. bimaculatus. Horch Sema1a (n =
5) (A, C) is diffusely expressed over the surface of the mushroom bodies, while Sema2a (n = 5) (B, D) in
addition to being expressed in a slightly smaller circle within the area of Horch Sema1a expression, was
localized around the edges of the neurogenic region (B; white arrow). Both Horch Sema1a and Sema2a are
expressed in a thin, horizontal band below the mushroom bodies (C, D; black arrows), which forms a pattern
like two circles by virtue of being divided down the middle by a wider vertical band of expression (C, D; grey
arrow). Inset is adapted from Maynard et al. (2007) and shows Sema2a expression in a slice of the adult G.
bimaculatus mushroom body. Note that the unstained region is identified as the calyx (C) in the inset, which
matches the unstained region in whole-mount in situ results (C, D). Images were taken at approximately 10X
magnification on a Leica M165 FC stereomicroscope.
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Figure 11. Representative samples of expression of Horch Sema1a (n = 5) (A, B) and Sema2a (n = 5)
(C, D) in non-deafferented prothoracic ganglia. Both Horch Sema1a and Sema2a are expressed in a
horizontal band across the anterior and posterior of the ventral prothoracic ganglia (A, C), which
wraps just slightly around to the dorsal side (B, D). Horch Sema1a staining is generally stronger than
Sema2a staining, and extends farther towards the midline on the ventral side, where a few cells which
express Horch Sema1a are visible (A; white arrow). Very light Sema2a expression is also visible at
the midline, and a small number of cell bodies are distinguishable (C; white arrow).
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Figure 12. Spots of visible Sema2a expression observed on the anterior dorsal side of nondeafferented prothoracic ganglia (white arrows). A, B, and C represent three different prothoracic
ganglia hybridized with antisense Sema2a probe (n = 5). For A and B, the ventral side faces
upwards and the dorsal side downwards; C shows a view of the dorsal side. Two spots are visible
on either side of the anterior connectives; for A and C, the rightmost spots are arranged laterally
and the leftmost vertically, whereas for B the rightmost are arranged vertically and the leftmost
laterally.
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Figure 13. Chains of (from top to bottom) non-deafferented prothoracic, mesothoracic,
and metathoracic ganglia extracted from adult G. bimaculatus and hybridized with Horch
Sema1a (n = 2) and Sema2a (n = 1) antisense probes. For both Horch Sema1a (A, B) and
Sema2a (C, D), expression extends farther into the ventral midline of mesothoracic than
prothoracic ganglia (A, C; white arrows). Metathoracic ganglia, unlike prothoracic or
mesothoracic, show a distinct vertical line of expression of Horch Sema1a and Sema2a
along the dorsal midline (B, D; black arrows). For all ganglia, Horch Sema1a expression is
stronger than Sema2a expression, although the two are localized in similar areas.
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Figure14. Metathoracic ganglia from adult G. bimaculatus hybridized with antisense probes
against Horch Sema1a (XA-B; n = 2) and Sema2a (XC-D; n = 1). Unlike other thoracic ganglia,
semaphorin expression does not extend to the very posterior point of the metathoracic ganglia. On
the ventral side, distinct points of concentrated Horch Sema1a expression is visible within the
posterior band (white arrows), with some expression at the midline (grey arrows). On the dorsal
side, distinct midline expression of Horch Sema1a expression is visible (XB; black arrow), while
relatively faint Sema2a expression is localized to the same vertical midline (XD; black arrow). As
in other thoracic ganglia, the posterior bands of expression appear to wrap around slightly to the
dorsal side.
!

Figure 15. Adapted from Schöneich and Hedwig (2012). The CPG for
singing-related motor impulses is located in the metathoracic and first
abdominal ganglia. The axonal projections which are associated with
neuromeres T3 and A1 within the metathoracic ganglia are located in
approximately the same area where we previously noted strong Horch
Sema1a expression, as well as weaker Sema2a expression (see Fig. 14A,
14C). This suggests a possible role for Horch Sema1a and Sema2a in
association with the singing CPG, potentially in modulating synapse
formation and strength.
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